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Abstract

Due to the global spread of diseases and epidemics, the need to maintain
a clean indoor atmosphere has received increasing attention in recent
years. Therefore, there will be a need to clearly estimate and define the
areas that affect human exposure to pollutants, taking into account the
occupied density, which is the primary importance of this research. The
capacity of the chilled ceiling combined with mixing ventilation and a
personal ventilation system has been studied and compared with the
chilled ceiling with mixing ventilation in terms of mean air life,
temperature distribution, CO, concentration, thermal efficiency, and
thermal comfort parameters such as (average Projected Vote (PMV),
Percentage Expected Dissatisfied (PPD) and Air Diffusion Performance
Index (ADPI) with the best flow rate of the proposed system considering
the occupied density in a thermally insulated office room experimentally
and numerically in the climate of Iraq — Hilla city (hot climate and dry). It
was chosen as a research area for this system and it is located in the center
of Iraqg at longitude (44.42°C) and latitude (32.46 °C).

Computational fluid dynamics (CFD) model was used in a thermally
insulated office room that accommodates three people and in a meeting
room that accommodates eight people , under cooling loads (445W),
(2316W) respectively using AIRPAK software. Twelve tests were carried
out for four different cooling loads treated with the chilled ceiling (0, 25,
50, and 80% relative to the total cooling load) at a constant supply air flow
rate (46 I/s) with a personal ventilation air flow rates (5l/s and 7.5 I/s) for
three cases (case-I, case- Il and case-I11) that were experimentally studied
and numerically analyzed in a thermally insulated office room. Eight tests
were also studied numerically in the meeting room for four different
cooling loads that were treated with a chilled ceiling (0, 25, 50, 80%) and
a constant supply air flow rate (240 I/s) with a personal ventilation air



flow rate (7.5 I/s) for the two cases (case-1V and case-V). The air supply
temperature varies for each case depending on the cooling load treated by

mixing ventilation , room air temperature ( 25°C).

It was discovered that in all cases, as the cooling load treated by chilled
ceiling (1) increases, the average air age increases with height. As a result
of the use of personal ventilation , the percentage of air age drops below a
value of (0.34%) compared to the chilled ceiling with mixing ventilation.
A value of (14%) improvement in occupant protection from cross
infection was observed with higher personal ventilation airflow rates . In
all cases it was seen that the values of (PMV and PPD) decreased from
(0.33 to 0.36%) ,(0.25 to 0.30%) respectively with the chilled ceiling
combined with mixing ventilation and a personal ventilation system
compared to the chilled ceiling with mixing ventilation system at(n= 0 to
80%). The heat removal effectiveness increased by (4-5.12%) at (n = 0-
80%) in the chilled ceiling combined with mixing ventilation and a
personal ventilation system compared with chilled ceiling with mixing
ventilation. The highest values for a seated and standing person were seen
between (0.8-0.52°C) for a person standing with chilled ceiling with

mixing ventilation system .

This study shows that the chilled ceiling combined with mixing ventilation
and a personal ventilation system with a flow rate (7.5 I/s) that provides
thermal comfort and higher air quality in the occupied area. Based on the
values of air exchange efficiency and occupants air exchange efficiency
(na , np) by (75 to 72%),(99 to 93%) respectively at (n =0 to 80%) . As a
result, flow rate (7.5 1/s) is the best option for protecting occupants from
direct pollution in the breathing zone and in the surrounding
microclimate., as we note that the longer the stay, the less air change for

occupants due to the lower ventilation rate.



Nomenclature

List of
symbols Description Unit
As Surface area m’
As Floor area m’
Cp Specific heat of the air at constant pressure. kJ/kg.K
C,..Cy Coefficient in the specific dissipation rate
CL mv Cooling load of mixing ventilation W
Clcc Cooling load of chilled ceiling W
dxdydz | Control volume m
DR Daily rang for outlet temperature. oC
D Equivalent diameter of panel (4 area/perimeter) m
Oo.D Occupants density
Eij The mean rate of deformation tenser m
f Ratio of chilled ceiling area respect to the floor
area
g Gravitational acceleration m/s?
hi Convection heat transfer coefficient for inside and | W/m?.K
outside air
K Color factor correct
Ky Conduction heat transfer coefficient for first layer | W/m.K
of wall.
Kij,k Turbulent kinetic energy at cell (i,j,k) m2/s?
M Metabolic heat generation
N Total number of draft temperature points
measured in occupied zone
No Number of points of draft temperature measured
in occupied zone
P Pressure N/ m2
Qmv Supply air flow rate for mixing ventilation I/s
Qpv Air flow rate for personal ventilation I/s
q Cooling load for the heat conduction through the W
walls and transmitted solar radiation
R Thermal resistance m2.K/W




List of

symbols Description Unit
S Source term for the rate of thermal energy J/kg
Production
T Temperature Oc
U Total heat transfer coefficient. W/m?2.K
uijk Velocity at cell (i,j,k) m/s
u,v,w Velocity component in X,y, and z-directions m/s
Vroom Volume of room m3
VX Local air velocity m/ s
X, Y, Z Cartesian coordinates m
Greek symbols
o Prandtl or Schmidt number
p Air density kg/m?®
€ Turbulent energy dissipation rate. J/kg.s
n Portion of cooling load treated by chilled ceiling
r Diffusion coefficient (diffusivity) m2/s
o Thermal diffusivity m?/s
Oy Relaxation factor
it Turbulent viscosity N.s/m?
S Modulus of the mean rate-of-strain tensor
AT Temperature difference oc
Mol | Coefficient in the specific dissipation rate
Sub-Scripts
a Air I Overhead light
av Average 0 |Outdoor
c Correct, convection oe | Occupants and equipment
rd Room design Person, plate
e Equivalent r | Radiation
ex External s | Supply
f Floor th | Thermal
hf Head to foot level, wr | Water return
i Indoor, location ws | Water supply




Abbreviations

ACH Air change per hour
ADPI | Air Distribution Performance Index
ASHRAE | American Society for Heating,  Refrigeration,
and  Air Conditioning Engineers
AUST Ar_eg-weighted temperature of all indoor s_urfaces_ of W_alls,
ceiling, floor, windows, doors, etc. (excluding active chilled
surfaces)
ATD Air terminal device
ACB Active chilled beam
BZ Breathing Zone
CC Chilled ceiling
CFD Computational Fluid Dynamics
CLF Cooling load factor.
CLTD | Cooling load temperature difference, depend on type of wall.
CLTDc | Correct cooling load temperature difference
DBT Dry bulb temperature
DMF Desk mounted fans
DPV Ductless Personalized Ventilation
DPV The desktop Personalized Ventilation Air Terminal Device
ATD
DV Displacement Ventilation
EDT Effective Draft Temperature
IAQ Indoor air quality
LM Corrector latitude and month
ID Occupants stay in a certain region
LMA | Local mean air age
MV Mixing Ventilation
PAQ Perceived air quality
PMV Predicated Mean vote
PPD Predicted percentage dissatisfied
PPM Part Per Million
PV Personal Ventilation
Pr Prandtl number
RNG Re-Normalization Group
SBS Sick Building Syndrome
SC Shadow coefficient.
SHG solar heat gain.
UFAD | Under Floor Air Distribution
VATD | Vertical air temperature difference
VAV | Variable air volume

Vi
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Chapter One

Introduction

1. General Concept

The health, comfort, and productivity of office workers are all
affected by the thermal climate and indoor air quality,[1]. Heating and
cooling systems consume around 40% of a building's total energy. As a
result, heating ventilation air condition (HVAC) engineers have a difficult
time creating pleasant conditions in low-energy environments,
necessitating the development of new technologies,[2]. Mixed ventilation
(MV) is a traditional system that has been used in many modern buildings
since the 20th century .But since the cold supply air is reheated at a large
flow rate , the energy consumption of the medium-voltage system was

significant,[3].

Combining an mixing ventilation system with a radiant cooling system
can be an effective way to reduce the energy consumption of an HVAC
system because a radiant cooling system can provide some reasonable
cooling load to the room, allowing the cold air flow rate to be
significantly reduced and directly supplied to the room without reheating
,[3]. Convective heat transfer between cooled surfaces and indoor air as
well as system cooling capacity will increase as a result of the
combination of chilled ceiling with mixing ventilation,[4]. But when an
mixing ventilation system is combined with a chilled ceiling system, the
chilled ceiling will cause a draft slump, which can affect how the air is

distributed inside the room ,[4].

The system chilled ceiling with mixing ventilation also works with a
central control system to maintain a unified indoor environment in the

occupied area, and this cannot satisfy all passengers as air is provided



from a distance from the passengers and is mixed with polluted room air

before entering the breathing areas of people, [5].

Several review studies have demonstrated that there is strong and
sufficient evidence for most diseases to establish the link between
ventilation and air movement in buildings and the spread of pathogens
such as SARS, highlighting the importance of indoor environmental
control ,[6]. As a result, personal ventilation has the potential to achieve
efficient air distribution that delivers clean air directly to the breathing
areas and allows individual microclimate control at each workstation ,[7].
On the other hand, personal ventilation systems are not able to remove a
significant portion of the sensible heat load generated in areas due to low

air flow rates and minimum air temperature restrictions, [7,8].

Therefore, an experimental comparison of the thermal internal
environment produced by chilled ceiling with mixing ventilation and the
other system reveals that the chilled ceiling with mixing ventilation can
produce a somewhat more uniform thermal environment than chilled
ceiling combined with mixing ventilation and personal ventilation ,[9].
Where, with the chilled ceiling combined with mixing ventilation and
personal ventilation system, the supplied cold air is well mixed with the
ambient air to ensure even and uniform vertical distributions of room air
velocity, temperature, and pollutant concentration in the indoor room
[9,10].

Previous research has shown that the combination of personal
ventilation and mixed ventilation with a cooled ceiling is an effective way
to increase thermal comfort and improve perceived air quality in rooms
with temperatures above the maximum standard (26°C),[10]. Changing

from total volume to target air distribution in workstations can also



improve the perceived air quality. Most of the previous studies dealt with
ventilation and the chilled ceiling system but did not focus directly on the
occupied density index. It will be needed to estimate and clearly identify

areas affecting human exposure to pollutants.

1.1. Ventilation Systems:

This section discusses two different types of ventilation systems (personal
and mixing ventilation).
1.1.1 Personalized ventilation system (PV):

It is an air distribution system that enables occupants to individually
control local ventilation, [10] as shown in Fig.(1-1). Personal ventilation

delivers clean, cool air at a low speed (did not exceed 0.25 m/s in the
breathing zone) with minimal turbulence to the occupants' breathing areas . It

has been demonstrated that the configuration of the air terminal devices
(ATD), its location in relation to the occupant, the supply flow rate, the
customized airflow's supply flow volume, as well as the temperature and
target area size discrepancy between room air and personalized ventilation
airflow, are all factors that affect the amount of personalized air inhaled ,[10].
While it was pointed out that (PV /ATD) can be optimized to achieve (100%)
breathing zone air distribution effectiveness, the optimum efficiency for most
of the (ATD) has not exceeded (50-60%) of clean air with each
inhalation,[7].This system is ideal for providing a thermally comfortable
atmosphere for occupants of commercial office buildings, and it also has the
ability to minimize the possibility of airborne infectious disease transmission
in the indoor environment thereby lowering total air conditioning energy
demand ,[10].

I. Personalized ventilation's energy-saving potential



The energy-saving potential of personalized ventilation has been
documented in the literature. The following are the primary ways

mentioned in the literature to save energy with tailored ventilation ,[11]:

1. Reducing the exterior airflow rate due to PV's increased ventilation
effectiveness.

2. Using PV's ability to generate a controlled microclimate to extend the
room temperature comfort limitations

3. Personalized air is only delivered when the occupant is at the desk

Ii. Advantages of the personalized ventilation system
PV systems have the following advantages over total volume (TV)

systems in terms of mixing ventilation, displacement ventilation, and

underfloor air distribution ,[11]:

1. Possibilities for enhancing the quality of breathed air.

2. increased thermal comfort due to the ability of each occupant to
customize and alter the temperature, flow rate (local air velocity), and
direction of the specially customized air that is delivered to each
location according to personal preferences.

3. Possibility of boosting employee output.

4. Possibilities of reducing the risk of infectious pathogens being spread

through the air.
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1.

Fig.(1-1) Principles of personal ventilation system ,[10].

. Disadvantages of the personalized ventilation system

Due to smaller airflow rates and limitation of the lowest supply air
temperature personalized ventilation systems are not able to remove
substantial amount of sensible heat load generated in spaces. In such

cases additional cooling system is needed.

. PV may promote mixing of exhaled pathogens with room air when the

infected person uses PV. There may be a risk for other occupants who

do not use PV for protection in the same room.

. Complex airflow interactions in the breathing zone should be

considered as they may interfere with the transmission of infectious

agents

. The photoelectric flux interacts with large droplets (>5 pum) and is less

effective in the transmission path of small droplets

1.1.2 Mixing ventilation system (MV)

Mixing ventilation was one of the first studies that Boyle Son in 1899,

[10], as shown in Fig.(1-2). To maintain a consistent temperature distribution

and lower pollutant concentrations throughout the structure, supply air is

pumped in from the roof or wall and mixes with the room air,[10]. Inertia

forces the flow for the air supply. In this system his ventilation efficiency is

about (51) % indicating a well-mixed environment in the room; the air supply
is achieved at a speed of (2-8) m/s and a temperature of (9-40) C ,[6,10]. As

a ventilation system, it can be used to cool and heat a room which providing

thermal comfort to the occupants .



Fig.(1-2) Mixing ventilation system, [10].
1.3 Chilled Ceiling System (CC)

It is a technique used to removes sensible heat by convection and radiation as
HVAC system or to minimize cooling load Fig.(1-3). Willis Carrier began
developing designs for under-sill induction units in the 1920s, which gave rise
to the chilled ceiling ,[12].The air attaches to the chilled ceiling, gets colder,
and then falls to the floor. After that, hot air rises from the heat source in the
below region, resulting in a steady passive air movement known as
convection, which cools the space chilled ceiling's pipes are installed over
metal ceiling plates, and the cooled plates are the source of radiation and

convection, [12].

Fig. (1- 3) Natural air circulation with chilled ceiling ,[12].
1.3.1 Advantages of chilled ceiling
In comparison to other air conditioning technologies, chilled ceilings
equipment offers superior benefits . For example, [12,13]:

1. More energy-saving (about 20 %)



4.
S.

Chilled ceilings save (27% - 30%) of peak capacity than fan coil units.
As compared to fan coil units, chilled ceilings use higher-temperature
water flow.

Lowver life time prices, no moving parts, and quieter operation.

Ensure the highest level of thermal comfort.

1.3.2 Disadvantages of chilled ceiling

1.

Chilled ceiling systems cannot be used alone in buildings where the
ceilings are higher than 2.7 m (8.9 ft), because the air will not properly
circulate. A forced-air circulation system must be employed in such

cases .

. If the water temperature is too low or humidity is high, condensation

on the beam can occur leading to a problem known as (internal rain)

. Chilled ceiling systems are not recommended for areas with high

humidity (such as theaters, gymnasiums, cafeterias). Because they are

less effective at cooling .

. Hospitals generally cannot use chilled ceiling systems because of

restrictions on using recirculated air, cause noticeable air circulation

which can make some people uncomfortable .

. Some designers have found that enlarging the ducts around active

chilled ceiling systems to increase air circulation causes echoes in
working areas and amplifies the sound of water moving through the

pipes to noticeable levels.

1.3.3 Types of chilled ceiling

I. Radiant chilled ceilings

The radiant chilled ceiling is a metal or plaster board surface that includes

absorption of heat directly generated from hot surfaces inside the room

through radiation and convection via chilled water pipes running through

them, as seen in Fig.(1-4). It's ideal for buildings with a lot of vertical space.



The benefits of a sparkling cooled ceiling are summarized as follows, [13]:

1.

Since insulation is added to the upper side of the cooled roof, the useful
ventilation in the room is below the ceiling.

Direct absorption of heat radiated from heat sources reduces cooling
energy consumption by (15% - 20% ).

A ventilation system is essential as a separate source of fresh air.

Radiant chilled ceiling provides an acceptable architectural look, decent

comfort levels due to the low air velocity distribution

il. Radiant and convective chilled rafts

The cooled water coil is mounted at the back of the big flat panels that are

hanging under the roof as seen in Fig.(1-4). Its benefits are summarized in,
[12,13]:

1.
2.
3.
4.

The back of the panel has no insulation added .
Sails may be used to provide efficient radiant heating .
Heat is transferred to the room through natural convection.

The raft receives further natural convection.

Iii. Convective chilled ceiling

In this type Fig.(1-4) a collection of fins attached to a chilled water

conduit is usually used in these systems. This form has the benefit of, [13]:

1.

Cooling the fins is accomplished by transferring heat from cooled water
to copper and then to aluminum.

Heat convection through the angled fins accounted for more cooling air
than radiation

This system has more cooling than a traditional radiant system, but less

than the passive coolant beam

iv. Radiant cooled ceilings (plaster board finishing)

Small-bore plastic capillary coils of this sort, as shown in Figs.(1-4) , are

mounted to the wall or ceiling frame and have a plaster finish applied to them.



A specialized thin plaster is required to counteract the effects of decreased
thermal conductivity,[13].

insulation copper pipe

Raft/sails .
copper pipe
aluminum
<
N plate

~ Y
copper pipe/é>-\ . e
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i o~ \>

aluminum —

==
plate

a-Radiant chilled b- Radiant and convective ¢~ Convective ceiling
ceiling panel chilled rafts/sails

' s 4 :
e e

d- Plasterboard with a radiant plate

Fig.(1-4) lllustrate the several types of chilled ceiling, [13].

1.4 Age of Air

The age of air was studied in the early 1980s, and a novel technique
was adopted as the ability of the ventilation process to replace the old air in a
room with fresh air ,[14]. The local mean age (LMA) was regarded as the

average time elapsed between entering fresh air and it reaching a certain point



in the room, Fig.(1-5). Moreover, the average room air age was defined as the
average time required for outside air to reach all local points in the room, and
it could be used to measure the overall ventilation performance inside the
room. Since the supply air does not blend perfectly with the space air, much
of the time the air is exhausted from the room until it is full of indoor
pollutants. As a result, varying concentrations will exist in the occupied
region, and a higher air supply rate will be needed to reach the threshold limit
value,[14]. If assume the room mean air age. The nominal time constant (an)
of a ventilated zone (the ratio of zone volume to the air flow rate supply)
[14].

Age

¥

Fig.(1-5) The age of the air in the room,[14].
1.4.1 The purpose of calculating the age of air
Calculating the age of air has a specific function. Knowing the age of the
air in a closed space will give us a lot of information, such as:
1. Assessing indoor air quality in a confined space .
2. Denotes how effectively the ventilation system swaps out the stale air in

the room for brand-new, fresh air, [14]

w

Controlling air emissions.

4. Assess the effectiveness of the ventilation system.



5. Indoor air quality improves as the air age decreases.

1.4.2 Method for determining the age of air:
It is important to employ a tracer gas to determine the local air age in a

room. To determine the local air age there are three methods, [14]:

1- Step down method : at the start of the test, when the injection is
discontinued, a uniform concentration of tracer is attained, Fig.(1-6).

2- Step-up method : from the start of the test to the end, the tracer is injected
at a consistent rate at the air inlet Fig.(1-6).

3-Tracer pulse method : at the beginning of the experiment, a short tracer
pulse is discharged into the air inlet.

2

B

Concentration [ppm)
oNnN B o xn 3B E

100 180 200
Elap=ed time [minutes]

0 50

Fig.(1-6) Variation of concentration over time during measurements of air
age, [14].

1.5 Combined personalized Ventilation with Chilled Ceiling system
The combined system of the chilled ceiling and personalized ventilation
exemplify an effective design framework, [15]. The combination of (PV) with
(CC) has the ability to provide more efficient cooling of occupants because
convective and radiant cooling are exacerbated. Its combines between the
energy efficiency of personalized ventilation system with energy-saving of
chilled ceiling lead to increase ventilation capacity due to the convective and
radiant cooling are exacerbated,[11].



Ventilation for massive sensible cooling loads is given by personalized
ventilation, which can be combined with a cooling ceiling, as shown in
Fig.(1-7). Many commercial office designs currently incorporate this
combined framework as a design alternative. The cooling capability of the
used personalized ventilation system was just about (30-40W/m?) of floor
area,[ 15]. Combine external cooling systems, such as a chilled beam or

chilled ceiling tiles, to increase the cooling power absorb.

Chilled ceiling
Chilled water pipes

in—> —
(<=
out <— 2
Exhaust
Intermittent
PV
Y Office "qupant

VA lighting
)!
N

Fig.(1-7) A diagram of an office area with chilled ceiling and personal
ventilation system, [15].
1.5.1 Energy savings of personalized ventilation and chilled ceiling
A combination system of customized ventilation and cooled ceiling is a
viable HVAC solution for hot regions, as shown in Fig. (1-8) , [15] :

1. It was demonstrated that the suggested combined system can save a
significant amount of energy savings of up to 40% were achieved when
compared to a standard variable air volume (VAV) solution.

2. The most efficient technique is to raise the room temperature and provide
customized air at (20-22)°C. It provided for a reduction in energy
consumption about (48%) compared to reference mixed ventilation cases,

as well as a reduction (27%) in room humidity in hot climes.



3. Raising the design room temperature was a successful technique for

lowering energy consumption.
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Fig.(1-8) Annual energy use at two levels of solar heat gains, [15].

1.6 Ventilation for Air Quality
The term "ventilation™ refers to the process of replacing indoor air with

clean, new air. Certain compounds were discovered to have higher
concentrations inside than outside. This may be because such contaminants
are generated internally by inhabitants and their behaviors, or because of other
factors. As a result, appropriate amounts of pollutants in outdoor air must be
defined for use in building ventilation. Concentrations of many indoor
contaminants are mentioned in the ASHRAE handbook of fundamentals, [2].
1.7 Thermal Comfort

The word 'thermal comfort' refers to a person's psychological state of
mind, and it is most commonly used to describe whether or not they are
too hot or cold. Thermal comfort is defined as "a state of mind that
reflects happiness with the thermal environment,” according to 1SO 7730
or ASHRAE, [2].
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Fig.(1-9) ASHRAE comfort chart for occupants , [2].
1.7.1 Predicted Mean Vote (PMV)

Fanger (1970) described the PMV model as an index that predicts the
population's average vote on a seven-point thermal sensation scale, from
(+3) for cold interior air to (-3) for hot interior air as shown in Fig. (1-
10).In accordance with ASHRAE recommendations, the ideal range of

(PMV) for sufficient internal comfort is
(-0.5<PMV< 0.5) ,[14].
1.7.2 Predicted Percentage Dissatisfied (PPD)

(PPD) forecasts the proportion of people experiencing extreme heat
discomfort. According to (-0.5<PMV< 0.5) ,[14], the maximum PPD for

an ideal temperature condition is 10%, as shown in Fig. (1-11).
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Fig.(1-10) Thermal comfort requirements based on (PMV) ,[14].
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Fig.(1-11) Predicted Mean Vote vs. Predicted Percentage
Dissatisfaction,[14].

1.7.3 Air diffusion performance index (ADPI)

An air distribution system's total performance, or the level of
comfort it offers, can be measured using the (ADPI) metric. When
divided by the total number of temperature points in the same area, it is
determined as a percentage of the total number of temperature points in
an occupied zone with an EDT value between (-1.7 and 1.1) C ,[14]. For
cooling mode operation, a (ADPI) value of (80)% is often appropriate ,
[14].

1.7.4 Effectiveness of Temperature distribution



The ventilation system that can provide the required level of thermal
comfort in a ventilated space is defined by the ventilation efficacy at a local
location for the temperature distribution. It must have a value larger than
one,[10]. Because the temperature of the expelled air is higher than the
normal interior air temperature,

1.8 Contaminants in Office Room
Many common products used in offices can give off pollutants and odors, as
can office equipment such as copiers, printers and fax machines. If any of
these items are used in the office environment, adequate and sometimes
separate ventilation should be provided. Pollutants and odors (which may or
may not indicate a health concern) generated in space may not only bother
those in the immediate area, but may enter the building ventilation system and
cause problems for other tenants in other parts of the building.
e Indoor Air Pollutants and Health
Asbestos.
Building and Paint Products.
Carbon Monoxide.
Carpets.
Cleaning Supplies and Household Chemicals.
Cockroaches.
Dust Mites.
Formaldehyde.
1.9 Contaminants Control

Contaminants management is an important function for ventilation.
Understanding the characteristics and importance of primary contaminants
and pollutant origins is also important. Indoor contaminants come from both

outside and inside outlets, and of these sources necessitate various ventilation



management methods to maintain good health and comfort, [11,9]. All

percentages of CO; in indoor air are shown in a table(1-1).

Table(1-1): Classification of Indoor Air Quality , [9].

CO:g2-level of indoor
Category Description alrin ppm
T'ypical range ofault value
) High indoor air quality <400 350
(1)) Medium indoor air quality 400-600 500
(1 Moderate indoor air quality 600-1000 800
(1V) Low indoor air quality >1 000 1200

1.10 Occupancy and Occupants Activity in Buildings

The fundamental aspects of human existence in the built environment,” were

described and debated by Farbstein,(1974) were: the activity's nature; the

performers, i.e. the person or group of people who are conducting the activity;

and the time sequence in which the events take place, [15]. There is a lot of

research that the efficacy of building ventilation has a big impact on the

efficiency of those who work there, [9]. Employee efficiency is harmed by

poor indoor air quality in the workplace. It has also been found to cause health

problems in the household, [11].




1.10 Objectives of the Present Work
The following are the primary goals of this work:

1. Created and constructed an experimental test rig with a chilled
ceiling and mixed ventilation with personalized ventilation for
various case studies.

2. Investigation experimentally and numerically the effectiveness of
the chilled ceilings combined with mixing and personalized
ventilation system in terms of contaminants of air and compare it to
the chilled ceilings with mixing ventilation system, taking into
account the occupied density index, under the climate of Iraq -
Hilla city

3. Assessing how the air age and human thermal comfort metrics are
affected by the change in the portion of cooling load treated by
chilled ceiling.

4. Evaluation of the effectiveness of the personalized ventilation (PV)
system and determining the best (PV) air flow rate operation that
assists the chilled ceilings with mixing ventilation in terms of
thermal comfort and 1AQ.

5. Reaching the acceptable situation in terms of air age and human
thermal comfort for humans provided by the system's performance

under hot and dry conditions
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Chapter Two

Literature Review

This chapter's major goal is to summarize some current and previous
activities and studies that are directly related to the areas of the (CC/MVPV)
system in terms of (indoor air flows, indoor pollutants, and occupants activity

, PV/IMV systems alone and CC alone) .

So that the knowledge gap is discovered and research hypotheses are

developed based on the literature review.

Despite the fact that the cooled ceiling technology predates the
development of blend personal ventilation with mixing ventilation, it has
recently gained notoriety in commercial applications as well as academic
literature. Therefore, there is a growing interest in examining the indoor air
guality (IAQ) and thermal comfort of the combined system taking into
account occupant activities in space. Experimental measurement and
computer simulation are the two main methodologies used to investigate and

predict detailed microclimate conditions.

This literature review is subdivided into four main topics:
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2.1 Theoretical Studies.

Zhao et. al. (2012), [16] studied numerically occupant air-exchange efficiency
by taking into account variable occupancy levels in office room under China-
Beijing climate. Three case studies were presented at different types of
ventilation system (a large-space ventilation, PV , DV) case with dimensions of
(X,Y ,Z) (3x10x5) ,(3x2.7x%x5), (516 x 3.65 x 2.43) m with the supply
airflow rate were (9,1,5 ACH), the supply air temperature was (13°C). These
cases were validated by three dimensional simulations by utilized (STACH-3)
software for time-dependent HVAC, the (standard k-E€, Zero equation)
turbulence model are utilized to account for the turbulent flow in a room. The
PV nozzle was separated from the occupant by (30cm) . The results show that
the occupant air-exchange efficiency is a superior metric to employ when

evaluating a room's ventilation effect.

Khan et. al. (2017), [17] examined numerically the energy saving potential of
radioactive cooling systems for office buildings in four cities in different
climatic regions of India. The performance of a radiant cooling system was
evaluated in an office building, total area of the building, about (24,000)m?. The
building consists of two symmetrical sides; one side of the building is cooled by
the radiant cooling system with a a dedicated outdoor air system (DOAS),

whereas the other side uses a variable air volume system. Fresh air is delivered
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from (DOAS)at a rate of (2.5 I/s per person). The DOAS unit is connected to an
energy recovery unit at (25°C). The chiller set point for leaving cooled water is
around (7°C) on the conventional side and (15 to 16)°C on the radiant side. The
data showed that energy saving for Bengaluru, Chennai ,Ahmedabad, New
Delhi respectively of (27,11, 6, 3)%.

Franchesca et. al. (2017), [18]examined the relationship between ventilation
efficiency, building layouts and the local air age , which is defined as the time it
takes for fresh air to replace old air when it enters a specific zone. The standard
(RNG k-€ turbulent model) was used in numerical studies with Fluent software.
The calculation domain was set at (x: 2000 m, y: 1000 m, z: 180 m).The results
revealed that the local air age is greater in complex areas with a high density of
structures than in contrasted locations. Some urban characteristics, such as the
fraction of unoccupied land, have been discovered to boost ventilation
efficiency.

Gao. et. al. (2018), [19] examined numerically the interrelationship between
human thermal comfort and heat exchange between the human body and its
surroundings subject to the radiant air conditioning system to master the
features of it and improved its design processes a room with dimensions of
(4.72 x 3.55 x 2.75) m . The surface temperatures of the cooling ceiling were
varied from (16.9 to 24 ) °C, the air humidity and velocity have been set to (50%
and 0.21 m/s), respectively.. AIRPAK3.0 software was used to solve the
radiation heat transfer by using (RNG k-&€ turbulent model). The sensible heat
loss from a human body under a radiant air conditioning system was essentially
linear to the PMV under all simulated situations, according to numerical
calculations. Finally, the simplified PMV model is provided, which is based just
on the consideration of human thermal balance rather than complex ambient

characteristics.
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SzczepanikScist. (2018),[20] determined numerically the effectiveness of the
personal ventilation system at different flow rates and test if the PV can provide
protection for occupants from cross-contamination. Different air flow rate were
simulated around the occupants' face of (15, 10, 5, 1) I/s. Fresh air was
provided through a series of (5 mm) holes in the air flow terminal device, which
was a round air unit with a diameter of (180mm) and a series of (5mm) holes.
The air device was put (70 cm) in front of the test mannequin's face. To see how
the velocity altered around the occupant's face, the air flow rate was reduced
from (15 to 1) I/s. The findings indicated that the personal ventilation system

may not be a reliable cross-contamination defense when the air flow is minimal.

Liuet. al. (2019),[21] compared the thermal comfort, ventilation effectiveness, and
energy consumption of a radiant floor cooling system when combined with various
ventilation systems, including mixed ventilation (MV), sheet ventilation (SV),
displacement ventilation (DV), and personal no-duct ventilation (DPV), in the tested
room (3 X 2 x 4) m with two air change rates of (1.2, 2.4) h™. With two air change
rates of (1.2, 2.4) h, the (MV, SV, DV, DPV) systems were settled at (20, 22, and
24°C). In the DPV system, a flow rate of (2 | /s) was established for the
personalized air system, which was draw out at a suction height of
(0.1m).Vertical air temperature differences (VATD) at ankle and head level, the
proportion of unsatisfied, and the ankle level draught rate were the main evaluation
indices used. According to the research, the (VATD) in (DV) systems can reach up
to (5°C), compared to about (2°C) in MV and SV systems. In the DV and DPV
instances. A higher draught rate at the ankle level, ranging from (6.55 to 9.99%) ,
with (2.4 ACH). The lower comparable temperatures for the foot and calf segments
occur when the floor temperature is (20°C). The associated whole-body temperature

values consistently indicate an appropriate level of thermal discomfort.
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Li et. al. (2020), [22] presented a design strategy for radiant cooling systems in
low-energy buildings from the perspective of the interior environment's thermal
response properties. Two different types of modular radiant cooling systems
were investigated: the copper tube radiant cooling (CTRC) and the capillary
radiant cooling (CRC) systems. Two energy-efficient office spaces measuring
(L,W,H) (5.8 x 3.2 x 3.2 m each) were used for the tests at Tingyi University in
Shanghai, China. A total of (16) cases—eight for CTRC and eight for CRC—
were investigated, with supply water temperatures ranging from (12 to 19)°C.
The findings showed that the temperature of the supply water has a bigger
influence on the temperature distribution of the envelope for CTRC than it does
for CRC. Additionally, when using CTRC rather than CRC, the thermal
response of the envelope is much more sensitive to both lower supply water
temperatures (below 16 °C) and higher supply water temperatures (above 15 °C)

, raise indoor air's thermal stability speed more quickly than CRC.

Qin et. al. (2020), [23] developed a simplified predicted mean vote (PMV)
model and a sensible cooling load equation based on human thermal comfort.
The link between thermal comfort qualities, design, and operation parameters
was investigated using Airpark simulations. To solve the airflow field, a two-
equation k-E€ turbulence model was used. The simulated room's overall
dimensions were (3.4 x 3 x 3)m, with the north wall serving as the external wall
and the air supply intake and outlet, which are (1.2 x 0.6)m and (0.3 x 0.3)m
respectively, are also positioned on the south and east walls. In the simulated
scenario, the indoor air velocity was less than (0.15 m/s), which met the
requirements of the occupied zone's limit values. When the fresh-air supply
temperature was (26°C), the ideal radiant surface temperature was (19 to 23)

°C. The results revealed that the interior air temperature is connected relatively
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linearly with radiant surface temperature, fresh-air supply temperature, and the

area ratio, with relative humidity having little effect.

Khalil et.al.(2020),[24] examined numerically the impact of employing a hybrid
ventilation system equipped with personalized ventilation units on energy
consumption saving while maintaining thermal comfort and good air quality of
an office floor in Beirut. The PV will be adjusted to (22°C and 10 I/s) to
produce the desired cooling effect while preventing thermal draft in an office
with a total size of (240 m?). The macroclimate temperature is predicted to
range between (23, 29) °C. Using an indoor air speed, RH of (0.15 m/s, and a
55 %) humidity level, an estimated PMV value of (0.53) was determined for
average office workers. The PV-chiller has a rated capacity of (2.7 kW) and a
rated input power of (1.42 kW), giving it a rated COP of while operating at full
load and at a temperature of around (40°C) (1.9). The new cooling strategy
results in the (VC) system running for fewer hours and saving (53%) in energy

compared to the base case when using only the (VC) system.

Katramiz et.al. (2020),[25]studied the interaction between human breathing
with the intermittent personalized ventilation (IPV) jet, as well as its
effectiveness in giving clean breathable air under relaxed background
pollutants' concentration conditions in office space were of (3.4 x 3.4 m X
2.8)m equipped with (MV) system as shown in Fig.(2-1) . The breathing air
quality of the IPV user was assessed using the tracer gas method at various IPV
operation frequencies. Maximum ventilation effectiveness (&, ) ranges during
inhalation were found to be (36.75-86.6)% for nose breathing,(49.6-87.3%)for
mouth breathing(42.42-86.93)% when breathing was not considered at an IPV
frequency of (0.5 Hz). Due to the stronger dilution given by horizontally
exhaled air, the nose breathing mode had the (lowest &,), whereas the mouth

breathing mode had the highest(e, ). The average ( &,) for nose and mouth
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breathing was nearly identical to that of no-breathing, resulting in acceptable air
quality at the (BZ).

=) 25 -
>

8m

b)

size 0.0075 m

Fig.(2-1) Simulation model by Katramiz et.al.,[34].

lhab. et. al. (2020), [26] examined the influence of various locations of the
intake and outlet air ventilation, as well as their interaction with heat sources
and air distribution, on the indoor environment in modeling of an office space
with mixed ventilation. ANSYS FLUENT software was used in numerical
analyses (RNG k-&) turbulence model used to simulated turbulent flow. The
case study was an office room in Malaysia of dimensions (4.8 x 4.8 x 2.65)m
with two inlets and outlets with dimensions of (0.4 x 0.4)m, (0.55 x 0.43)m with
one outlet having a diameter of (0.3m).The first inlet was located in the center
of the room's upper level. The distance between inlet one and inlet two was
(0.19 m), while the distance between the room's middle and the center of outlet
one or two was (0.45 m). The study looked at four distinct locations in four
separate situations with eight lines , four in different corners and four
surrounding the heat source. It also looked at the Air Distribution Performance
Index and ventilation efficacy as indicators of air distribution improvement. The

results revealed a considerable increase in (ADPI) from (33 to 83)%, as well as
25



an improvement in the indoor thermal environment thanks to the altered inlet

and outlet positions.

Al Assaad et. al. (2020), [27]verified numerically and compared the
performance of intermittent PVU assisting with chilled ceilings and mixing
ventilation for improve comfort and saving energy of two office spaces with
dimensions of (3.4x3.4x 2.8)m, total load of (40 W/m?) . At an average flow
rate of (7.5 I/s), the intermittent jet was delivered to an infected occupant. In
each case, the duration of the intermittent PV was altered. In the case of a cold
ceiling under medium to warm circumstances, the intermittent tailored
ventilator was proven to provide higher thermal comfort (14%) increase
compared to (MV) systems. Mixing ventilation, on the other hand, saved twice
as much energy as chilled ceilings in terms of energy savings. As a result,

intermittent (PVU) under (MV) systems is preferable than continuous (PVU).

Itani et. al. (2021),[28] studied numerically thermal comfort correlation in
naturally ventilated areas with customized ventilation in a (240 m?) office space
in Beirut was developed statistically using multivariable linear regression while
preserving factors based on significance and interdependency. The design
temperature and relative humidity for interior air were set at (25°C and 50%) ,
respectively. On the basis of the correlation, it was determined that the indoor
temperature, relative humidity, facial temperature , and its rate of shift were all
related. In order to compare simulated and expected (TC very comfortable) at a
standard error of (0.4) with a maximum deviation of, sample data from the

studies used in constructing the correlation were used (1.0).

Alsaad and Voelker. (2021), [29] evaluated numerically the inhaled pollutant
concentrations when using (PV,DPV) system and the effect of the two system
on thermal comfort and inhaled air quality in a simulated office room

(3x3x2.44)m and total cooling load (55.3W/m?) with two occupations: a
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sensitive occupant and a source occupant, indoor air temperature (26°C),
Personalized and room ventilation flow rate (10, 20) L/s, (60, 75) L/s
respectively. Exhalation/inhalation Constant with a velocity of (0.77m/s) and air
temperature of (34°C).The results showed that (DPV) performance better than
the desk fan of eliminating exhaled pollutants, but desk fan better of eliminating
pollutants released from a passive source above the floor level. Both of systems

are highly dependent on the location of the pollutant source.

2.2 Experimental Studies
Lipczynska. et. al. (2015), [30]studied experimentally contaminants
distribution and inhaled air quality by using ventilation systems
(PVCC,MV,MVCC, MVCC/PV) for two thermal manikins, a heat gains
of office room (66-72) W/m? was simulated at room air temperature
between (26 , 28) °C .The suspended ceiling of the chamber was fitted
with (18) radiant panels and dimension of each one (1190x590%20) mm,
fully occupied (75%) of the floor space as shown in Fig.(2-2). At a
temperature of (25°C), air was delivered by individualized ventilation.
The total flow rate supplied varied between (26,82)L/s. Results show that
(PV/CC) can in decrease of pollutants concentration in the inhaled air by
(12.4 - 84.4) % and of the airborne infection risk by (35.4-80.9) %
comparing to (CCMV and TVMV).
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Fig.(2-2) Tested room: plane view with measurement points (1-25) and
reference point (REF); on the right — view of the test room by
Lipczynska. et. al. ,[40].

Yuan et. al. (2015), [31] developed a simplified relationship between
heat flux and temperature differential to obtain the limiting values of total
heat transfer coefficients of tested room with area of (15.12 m?) located at
Tongji university. The height of the internal cooling ceiling was (2.4 m)
and covered the ceiling area (49%). The walls of the room tested were
made of stainless steel with windows on the south wall. The temperature
of all walls was controlled using water pipes, only the south wall is
insulated and the other walls are simulated as if exposed to outside
weather at a temperature of (1040°C). Three cases were investigated as a
function of three different plate structures with a surface temperature of
(1420 °C) . The total heat transfer coefficient fluctuated slightly in the
absence of strong solar radiation, with the internal heat source evenly

distributed.
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Chapter Three Mathematical Modeling and Numerical
Analysis

Lestinen et. al. (2019), [32] studied compared indoor air thermal conditions
and draft discomfort for diffuse ceiling ventilation (DCV), chilled beam (CB),
and chilled ceiling with mixing ventilation (CCMV) systems on thermal
conditions and draft discomfort at various heat loads. Experiments were
conducted in two office rooms of (L,W,H) (4.1 x4.2 x2.9),(55 x38 x
3.2)m , the heat gain strength was increased from a typical level of (37-40
Wi/floor-m?) to a peak load level of (57-64W/floor-m?) at the desired interior
air temperature was 26 °C). The cooling panels of the (CC/MV) system were
installed at a height of (2.9 m) in the suspended ceiling, the cooling panels
took up (77%) of the ceiling space. To distribute supplied air in two directions
to the test chamber, two linear diffusers of (Lx H) (472 x 20 ) mm were
placed. At a height of (2.5 m), the (CB) system placed an exposed chilled
beam and a coil with a total length of (3.0 m) and a coil length of (2.1 m). The
findings show that at a typical load, the air temperature, air speed, and draft
rate were all acceptable, but increased marginally at peak load. For the studied
systems, the thermal conditions were identical, (CC/MV) system, on the other
hand, may minimize draft discomfort slightly more than (10%).

Wau et. al. (2020), [33]focused experimental on evaluated the influence
of ceiling surface temperature on indoor air flow characteristics with
(MVCC) system , as the internal and external sensible cooling loads
increased from (41.5 to 69.5) W/m? in tested room (3.7 x 2.8 x 2.6)m
equipped with the (CC) system consisted of (11) metal radiant panels
(600x600)m with a coverage rate of around (76%).When increase the
cooling load, lead to increase the average vertical air temperature
difference, turbulence intensity, and contaminant removal effectiveness
were (30-36) %. Results found that in a space with mixing airflow, the
chilled ceiling had a minor effect on the indoor air circulation. With

various internal or external cooling loads, it was discovered that a slight
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Chapter Three Mathematical Modeling and Numerical
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vertical air temperature discrepancy corresponded to significant
turbulence strength and contaminant removal effectiveness.
Tian et. al. (2020), [34] studied experimentally and numerically the
occupant thermal comfort utilizing radiant ceiling cooling and an
overhead air distribution system (RCF) in a hot and humid summer, an
office building in Suzhou .With five rounds of survey and measurements
at varied indoor temperatures. Over the summer, (135) data sets were
obtained from (44) participants. The results showed that the whole-body
thermal sensations with the radiating roof and the upper air system
deviated from the (PMV) model in the operating temperature range (23.6-
28.6) °C in summer, and the neutral temperature with the (RCF) around
(26°C), passenger preferred temperature was around (25.3°C) with RCF.
The pre-computed percentage rate of dissatisfied (PPD) is (13.9%), but
the actual thermal environment dissatisfaction rate was (8.3%) with an
acceptance rate of only (1.5%), which is much better than the calculated
(PPD).

Xu et. al. (2020),[35]evaluated experimentally the effectiveness of (PV)
on the risk of cross infection between two occupants in close proximity
(less than one meter) of tested room with dimension (5 x 3.5 x 2.5)m
equipped with (MV). The temperature of the supplied air was set at (16.5
°C) and the conditioned supply air kept the room air temperature and
humidity at (25.5 °C and 36 % ).The air change rate was set to (2 h) and
which corresponds to a (24.3 I/s) air flow rate. There were three different
flow rates used (3, 6, 9)I/s with initial turbulence intensity of the nozzle
jet less than (5%) and the length of the clean air core was (3—4) times the
diameter of the nozzle (50.8 mm). For starters, applying (PV) to the
source resulted in almost (90%) of the target being exposed indirectly.

Second, the direct exposure of the target was increased by nearly (50%)
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due to the (PV) jet's direct entrainment from the infectious exhale. These
results show that (PV) may only be an infection-prevention strategy if it
IS maintained with high ventilation efficiency at the inhalation zone,

which may

be accomplished by decreasing infectious flow entrainment and boosting

clean air volume.

Chakroun et.al. (2020),[36] studied experimentally the capacity of
(CPV) system with (DF/CF) to provide thermal comfort to occupants was
studied. Climatic chambers are equipped with ceiling personalized
ventilation (CPV) system assisted by chair fans (CF) and desk fans (DF)
In two experiments. Experiment participants were placed in a transitional
setting with traditional mixed ventilation (MV) at (24 °C) and a RH of
(50%.When the fresh air flow rate was (20 CFM), (93) % of the
participants felt thermal comfortable during the first (30 min) at
temperatures from (21-22 °C). Because the overhead temperature
decreased to (19.5) °C, most participants didn't feel comfortable at high

flow rates of (25 and 30) (CFM).

Auerswald et. al. (2020), [37] investigated experimentally the
effectiveness of push-pull ventilation aerators. Performed (15) tests a
tracer gas analysis in room with dimension (2.77x2.70x5.00)m with two
push-pull devices with Summer, winter, and isothermal supply air
conditions are all included in the testing because this parameter variation
has been missing in push-pull devices up to this point. The results
revealed that air exchange efficiency varies depending on boundary
conditions, always falling below the range of (0.5 <n,<1), suggesting a
lack of air exchange including short circuiting, It increases with
increasing heat load Depend on the distance between the interior
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apertures and the temperature differential between inside and outside,

local air exchange values imply inhomogeneous air renewal.

8] investigated experimentally the impact of the 3Shin et. al. (2021), [
open-type installation and air circulators on the cooling capacity and
energy performance of the CRCP system with dimensions were ( 3.8 X
3.7 x 2.9 m). On the ceiling of the test chamber, twenty-five (CRCPS)
were mounted. Each CRCP had a (0.6x 0.6)m footprint and was made out
of a perforated aluminum panel (thickness = 3 mm), a chilled water pipe,
and a heat conduction plate. The ceiling surface was (14.06 m?) and the
(CRCP) surface was (9.0 m?)Compared to a conventional CRCP system,
the cooling capacity of an open-type CRCP system with air circulators
increased by up to (26.2) %, and its cooling energy consumption

decreased by up to (26.4) %.

2.3 Experimental and Numerical Studies.

Chludzinska and Bogdan(2015), [39] investigated experimentally the
minimizing exposure to indoor contaminants by applying a wearable personal
ventilation at (23) °C The tested were carried out in a climatic chamber (2.5 x
3.0 x 3.0)m with the help of (20 participants) , simulated ambient temperature
similar to that of an office working environment. The ambient temperature
(T2) was kept at (18, 20, 22, 24, 26, 28) °C during the winter and summer
months, the relative air humidity was kept constant at (50%).Controlling the
flow interaction near a person's face by injecting a decreased volume of clean
air at velocity (0.2-0.6 m/s) into the breathing zone is crucial to the customized
ventilation device's efficiency. The quality of the inhaled air improved by
(94)% when using wearable PV. In addition, over six times decreased the

number of secondary infected travelers compared with (MV)
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Ning et. al. (2016), [40]evaluated experimentally and numerically energy
savings performance, surface temperature distribution and cooling
capacity for cooling radiant ceiling panel(CRCP) of test room with
dimensions were (2.4 x 1.8 x 1.9)m. To increase the cooling capacity,
three enhanced (CRCP) types with a thin air layer were presented had a
uniform surface temperature distribution, for condensation control in
China's hot and humid climate. The cold water temperature was (12°C),
the flow rate was (0.107 m®/h), and the cooling load capacity was about
(85.9W / m?).The thickness of the thin air layer between the aluminum
plate and the copper tube was (1 mm). In comparison to the original
CRCP, cooling capacities have improved by (43- 46) %, while surface
temperature distribution remains uniform.

Mahdi and Hassan (2016), [41]evaluated the performance of ventilation
(displacement and mixing ventilation system ) with regard to indoor air
quality and air flow distribution in room under Iragi Climate . The inside
dimensions (length, breadth, and height) of the test chamber were (4 x 3.5 x
3.75)m at indoor temperature (25-28) °C as and 1bar as pressure, during three
weeks in May 2015. The air conditioning system was turned on until the
temperature in the test rooms reached (23°C). The results show that compared
to the mixing ventilation, the use of floor displacement ventilation reduces the
concentration of pollutants in the breathing area, but indoor spaces are more

prone to disturbance due of high temperature.

Al Assaad et. al. (2017), [42] investigated and improves the performance
of sinusoidal flow PV system combined with mixing ventilation (MV)
system to predict thermal comfort and 1AQ. Experiments was tested in a
climatic room were dimensions of (2.75 x 2.5 x 2.8)m. The velocity,
temperature, and CO2 fields around the occupant microclimate were
assessed using CFD and validated with experiments. Average PV flux of
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(7.5 L /s at 0.94 Hz) was ideal for (MV) temperature of (26) °C and a PV
temperature of (22) °C. In optimum conditions, a comfort level of (0.95)
was obtained and a ventilation efficiency of( 77)%. PV energy cost
reduced by (21.34)% compared to static PV system with equal thermal

comfort.

Al Assaad et. al. (2018), [43] presented experimentally study of the ability
of intermittent personalized ventilation (PV) system equipped with
chilled ceilings to shield occupants from active particulate matter as a
result of an indoor pollution source. The velocity, thermal, and particle
concentration fields in the space were calculated using (CFD). The
experiments were conducted in a climate chamber with dimensions of
(2x2.75%2.8)m at an average personalized ventilation flow rate of (7.5
L/s) and (CC) covers (80%) of the ceiling surface area as shown in Fig.(2-
3). It was found that intermittent personalized ventilation does not
increase comfort or air quality at lower chilled ceiling temperatures
(16°C), hence steady flow personalized ventilation is advised.
Intermittent individualized ventilation working at (0.5 Hz), as opposed to
continuous tailored ventilation, improved comfort at typical chilled
ceiling temperatures of (20°C). In comparison to a stable system and a
standalone chilled ceiling under identical comfort conditions, the

intermittent (PV) was able to save (7.52, 15.04)% of energy, respectively.
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@D CO,; sources

Fig. (2-3) Tested room studied by Al Assaad et. al.,[73].

Al Assaad et. al. (2018), [44] studied experimentally and numerically
the efficiency of intermittent periodic personal ventilation combined
with mixing ventilation in terms of its ability to keep occupants safe from
pollutant in the space. Use the CFD model to assessed velocity,
temperature, and particle concentration. The CFD model and the tests
agreement well. The size of the office room (3.4m x 3.4m x 2.8 m) . It
was discovered that an average flow rate of (7.5) L/s and an operational
frequency of (0.86) Hz offered appropriate intake fractions and
deposition rates in the breathing zone and a thermal comfort (0.87),

ventilation (77.1 %).

Cao. et. al. (2018), [45] investigated experimentally and numerically the

effect of vent inlet size (ratio D/L) on ventilation efficiency with regard to

indoor air flow pattern and pollutant dispersion for five configurations with

various inlet sizes under three different air change rates by using a

dimensionless time scale ratio (proportional to (Ri /a ), Richardson number

(Ri/ a )( mass flux ratio) at dimension of test room (1x1x1)m with the
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ventilation intake and outlet are (0.18 x0.05 m) (length x width) as shown in
Fig.(2-4).When (CO,) leaves the bucket at (20°C), it quickly exchanges heat
with the surrounding air. Under three distinct (ACHS), studies were conducted
for five different configurations with varied inlet sizes (D/L ratios of 0.2, 0.4,
0.6, 0.8, 1) (4, 10, 16) ACH. The results showed that (Ri / a)is smaller for
cases with a small size ratio (critical value < 107) than for cases with larger
ones, indicating superior pollutant removal performance. The data
demonstrated that (Ri / o) is less for cases with a small size ratio (critical
value 10-3) than for cases with larger ones, indicating greater pollutant
removal efficacy. These insights can simplify and improve the basic

ventilation plan of a building.

Chilled ceiling
:
in— /[/ 4
out é— P4

Exhaust

Chilled water pipes

Intermittent
%
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lighting
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Thermal ry
manikin nozzle

Fig.(2-4) Simulation model by Cao. €t. al.,[76].

Yuan et. al. (2019), [46] studied experimentally and numerically the
relation between the total heat flux and the radiation system's surface
temperature area . The radiant system's operating limit zone was
discovered and suggested by graphing crucial parameters like supply

water temperature, operating panel surface temperature, and total heat
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flux density on a single surface as shown in Fig.(2-5). The supply water
temperature was allowed to fluctuate between (14,20)°C and (34,40)°C,
whereas the designed interior operating temperature increased from (24 to
30)°C in cooling mode and (16 to 24)°C in heating mode. Following
steady state for at least 1800 seconds for each experiment, the inner
surface temperatures of the climate chamber were maintained constant
(within 0.5°C). It was discovered that not every point within the operating
limit region was appropriate for practical application in order to prevent
the possibility of water condensation in the cooling mode and significant
temperature variations in a vertical direction in the heating mode in the

heating position.

& Radiant Ceiling of Climate Chamber
_aé 20 ¢ 20 0
= . Testing Radiant Panel
L =
Water b= v
g P P-Pressure sensor
Tank @
= gl £ T-Temperature sensor
Rl 5]
O & Water
a S & Dummy Tank
Air Source i @ P T
Heat Pump e = | |
Pump LR [-‘:3 e e P T Pump
. i Vil | ia 0 5
Water Supply System for g e’ 3 Radiant Floor of Climate Chamber

Water Supply System for
Testing Radiant Panel

Climate Chamber

Fig (2-5) Tested room studied by Yuan et. al. ,[77].

7] investigated the difference of temperatures on the 4Su et. al. (2019), [
whole cooling panel surface, as well as a basic specification map for the
new (CRCP) system and validated by a comparison analysis with the
experimental data. The experiment was carried out in Zhuhai, China, in a
room with measuring( 8.18 x 6.55 x 2.33)m. The chilled water flow rate
was roughly (0.22 m3/h), the exterior diameter of copper pipes is (10mm),
and the center-to-center distance between two adjacent parallel copper

pipes was(0.20m). For cooling panels to provide a uniform surface
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temperature distribution, computer calculations suggest a thickness of (4-
5 mm). Additionally, enhancing flow disturbance in the air layer to
Improve heat transfer between aluminum sheets and cooling panels is
feasible, which will help to lower the initial cost by utilizing less pipe

materials in the (CRCP) system.

Cséky et.al. (2020), [48] verified experimentally and numerically of the
developed personal ventilation system (ALTAIR PV) by testing eleven
different pneumatic terminal devices and proving that only five devices
generate disturbance intensity less than (20%). The apparatus has (160)
duct fan with continuous speed control .The diameter of the air duct was
lowered from (160 to 100) mm to allow for the connection of air terminal
devices at (10, 20, 30, 40, 50) cm from the ATDs, airflow was set to (30,
40, 50 m¥h) . For these ATD classes, the mean turbulence intensities
were (15.56, 7.36, and 7.52)%. The turbulence was quite high for the
other six ATDs: (74.72, 59.52, 68.04%). It was demonstrated that the
thermal comfort experience can be significantly enhanced when indoor
temperatures are high. The amount of background noise and the noise
produced by the unique ventilation system were measured using a variety
of techniques. It was established that the air distribution system has to be

improved.

Jin et. al. (2020), [49] investigated the dynamic change of surface
temperature of radiant ceilings in regulation the supply water flow.
Dimensions of the test room (5 mx 3m x 2.4m height) . It was found that
condensation on the radiant ceiling panel surface easily avoided when the
cooled water source is turned off .The ceiling panel was comprised of
nine U-shaped capillary metal radiant plates. The capillary had outer

diameter and inner diameter (2.7, 4.3)mm, and a (10mm) tube spacing,
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chilled water at temperatures between (7,12)°C. Size of the air supply
outlets, which were (200 x 200) mm, situated on the east wall. According
to simulation results and statistical analysis, the surface temperature for
fixed source water flow is primarily affected by three variables: the
equilibrium temperature of the non-cooling surface, the indoor air
temperature, and the internal surface temperature of the outside window.

(47.6, 39.2, and 10.1%) of the total is attributable to these variables.

Xie et. al. (2020), [50] studied numerically and experimentally the effect
of water supply temperature, mass flow rate, heat load distribution, and
radiant roof capability on radiant roof capacity and thermal comfort
conditions . In tested room (45.6) m® with capillary ceiling radiant
cooling plates, increases in water temperature and air supply velocity are
used to produce uniform ceiling surface temperature distribution as
shown in Fig (2-6). The test room's two side walls were installed with air
supply inlets and air return outlets that were (0.4x0.2)m, and (0.7x0.2)m,
respectively, in size. The average surface temperature of the ceiling rose
from 16.9 to 21.5 C when the ventilation system was shut off, while the
temperature of the inflow water rose from 16.9 to 20.1. The relation
between indoor air temperature and internal heat load was beneficial,
however the association between indoor air temperature and air supply

velocity is adverse.
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Fig.(2-6) (a) Tested room with a C-CRCP system, (b) a U-type capillary
matting, and (c) an unstructured computational grid by Xie et. al.,[82].
Ye et. al.(2020), [51] investigated numerically and experimentally
compared to (RCCP) system without ventilation, the cooling performance
and indoor thermal comfort of the (RCCP) system with forced ventilation.
(2.7 x 2.7 x 2)m is the size of each chamber. The right chamber, the test
cell, has four radiant ceiling panels that measure (1.782 x 0.583)m and
were suspended (0.19 m) below the ceiling. The left chamber's
temperature is adjusted to (40°C). The space is inside heated by four fake
cylinders, while the exterior is heated by heat gain from the left room.
Energy is produced at a rate of (59.8W/m?) by each cylinder. The chiller
controls the fluid's flow rate and temperature to (18°C, 1.7 L/min). The
ANSYS FLUENT multi-physics model is used to resolve the relationship
between fluid flow and heat transfer inside a closed enclosure. The
turbulent kinetic energy is calculated using the conventional k-€
turbulence model. The results show that CFD model had a good
agreement with the experimental results and the ventilation system is
effective to decreases the indoor air temperature by (1.2)°C and enhanced

the cooling performance of the RCCP and saves more energy.

Khail (2020),[52] created a self-contained, autonomously controlled
personalized ventilation (PV) device that can be used in a naturally
ventilated (NV) office space to maintain appropriate thermal comfort
(TC) under a variety of indoor circumstances and activity levels of an
office floor in Beirut. The NV-office space was (240 m?) in size, with
fifteen inhabitants (90W/occupant). Indoor temperature has a temperature
range of (25 to 33°C) with a relative humidity of (55 to 80 %). The PV
closer to the body (typically at 40 cm from the occupant) to ensure that

PV flow reached the face at the temperature close to the PV supply
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conditions were (22 to 26°C) and (0 to 15 I/s) for PV (the velocity of the
air near the face might vary between (0.2 and 1 m/s). The new cooling
strategy results in the (VC) system running for fewer hours and saving
53% in energy compared to the base case when using only the (VC)
system.

Zhang et.al. (2020), [53] studied numerically and experimentally the
variations in indoor air quality and thermal comfort between four ventilation
methods (ceiling supply, return to ceiling, ceiling supply, return on side wall ,
side wall supply and return to ceiling) (SSW-RC) and supply on side wall
and back wall side were tested numerically and experimentally .The office's
dimensions were (9.45m x 7.8m x 3.5m) m. when the outside air
temperature ranged from (10 to 3)°C. In numerical investigations, the k-
epsilon turbulence model was employed with ANSYS FLUENT software.
Room air inlet and outlet (16,32) °C, (15 ACH) .Results reveal that
according to the indoor average PM2.5 concentration, SSW-RSW may give
the best indoor air quality. SSW-RSW and SSW-RC can improve interior
thermal comfort by (29-36)%.

Katramiz et.al. (2021),[54] investigated experimentally and numerically
the impact of individual flow control of PV on the risk of cross-pollution
in the workplace for two occupants sitting in tandem(either face to face or
back to face) with two contaminant sources (breathing, coughing) with
an office room of dimension(3.4x3.4x2.6)m conditioned by a (MV/PV)
system, and the PV flow rate control range from (0 to 13) I/s, ensuring
that thermal comfort . Utilize CFD to calculate the inhaled intake fraction
(iF)index, which compares the mass of pollutants ingested by a healthy
individual to the mass exhaled by an infectious person, to identify cross-
contamination. When (PVi 4 I/s) in tandem and (PVi > 9 I/s) in facing
orientations, a modest exposure for healthy people. The average (iF) of
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facing seating was lower than that of tandem seating by (31% coughing)
and (86% breathing).

Al Assaad . et. al. (2021), [55] focused experimentally and numerically
on the PV systems' impact on reducing inhalation exposure to indoor
particles is weighed against their contribution to particle deposition
contamination of garments of typical office tested were of
(3.4%3.4%2.6)m was estimated to be conditioned by an MV system, which
was served by its own air handling unit in this study (AHU). It brought
conditioned external clean air in through a rectangular grille diffuser
(0.45 x0.25)m in the ceiling and discharged it through a ceiling diffuser
(0.45x0.25)m. Inhalation exposure (iF) and garment pollution
performance (DFr) of three PV ATDs (computer mounted panel (CMP),
vertical desk grill (VDG) and round movable panel (RMP). An
experimentally tested 3D CFD model of an office with MV + PV was
created. Main conclusion was: As opposed to standalone MV, CMP
decreased iF by up to (89 %) and DFr by up to (72% at 5 I/s). As
compared to MV, VDG reduced iF by up to (91%) while increasing DFr
by up to( 12 % at 10 I/s) .As compared to MV, RMP decreased iF by up
to (97 %) while increasing DFr by up to (80 %at 10 I/s)

Shbeeb .(2021), [56] studied experimentally and numerically the impact
of air supply diffuser shape on air age and thermal comfort characteristics
, the time required to remove pollution (such as CO,) by using combined
displacement ventilation and chilled ceiling system (DV/CC) in the office
room at dimension of (3x2.5x2.5m) under Babylon (lrag) climate.
AIRPAK3.0 software was utilized to simulate office room (RNG k-¢
turbulent model). The major findings revealed that as the cooling load
treated by the chilled ceiling grew, the local air age increased CO,

concentrations in the (CC/DV) system rise with height, but this effect
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fades as the proportion of cooling load treated by chilled ceiling rises.

The semi-circle diffuser had advantages in terms of decreasing

COyconcentration and air age. When compared to a rectangle diffuser, it
tends to improve (PMV), (PPD), and (ADPI) while also providing

improved thermal comfort.

Table (2-1) Summary of numerical studies

Reference Year Place of Main focus Findings
study
Zhao et. al. 2012 | Tsinghua Occupant air-exchange Used occupant air-exchange efficiency to
[16] University efficiency boost the ventilation effect assessment
( China) criteria
Khan et. al. 2017 | Centre for | Energy saving potential of The largest energy savings from an energy
[17] Energy radioactive cooling recovery wheel were reached (6,3,and 8%)
(India) systems Ahmedabad, New Delhi and Chennai,
respectively
Franchesca 2017 Osaka Concept of air local age Local age of air in complex sites is greater
et. al. [18] University than in contrasted sites
(Japan)
Gao. et. al. 2018 Xi’an Interrelationship The sensible heat loss from a human body
[19] University | between human thermal under a radiant air conditioning system is
(China) comfort and heat essentially linear to the PMV
exchange
SzczepanikSci | 2018 Cracow Effectiveness of the PV When the air flow is low, PV may not be
st. [20] University system effective in protection From cross
(Poland) contamination
Jlliuet.al.[2 | 2019 | Shandong Design concept for For CTRC compared to CRC, the temperature
University | radiant cooling systems in | of the supply water has a bigger effect on the
(China) low-energy buildings temperature distribution of the envelope.
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J2Liuet.al.[2 | 2019 | Shandong Compared performance In all cases thermal discomfort that is
University of radiant floor cooling tolerable according to the body's comparable
(China) system combined with temperature levels
different ventilation
system
13Qinet.al. [2 | 2020 | Southeast Developed a simplified the interior air temperature is connected
University (PMV) model and a relatively linearly with radiant surface
(China) sensible cooling load temperature, fresh-air supply temperature,
equation based on and the area ratio, with relative humidity
human thermal comfort having little effect
Khalil et.al. 2020 | American The effects of using a The new cooling method reduces the amount
14[2 University | hybrid ventilation system of time the VC system is in operation and
(Lebanon) with PV units saves 53% of energy.
Katramiz 2020 | American Effective the IPV+MMV IPV MMV units reduced the number of AC
]5et.al.[2 University system performance operating hours while maintaining thermal
(Lebanon) comfort
lhab. et. al. 2020 Tun Impacts of inlet and exit Improvement in the indoor thermal
l6[2 Hussein air locations on air environment due to the altered positions
University distribution, thermal
(Malaysia) comfort
Al Assaad et. | 2020 | American Compared the The intermittent PVU was found to offer
17al. [2 University performance of better thermal comfort of 14 % as compared
(Lebanon) | intermittent PVU assisting to MV system.
with CC and MV
Itani et. al. 2021 | American Multivariable linear For a number of different hierarchical thermal
18[2 University | regression to develop TC environments, the presented technique can
(Lebanon) in (NC with PV) system be used to derive TC correlations.
Alsaad and 2021 Bauhaus- Performance comparison | DPV performance better than the desk fan of
Voelker. University DPV and DF eliminating exhaled pollutants
[29] (Germany)

Table (2-2) Summary of Experimental Studies
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Place of ) o
Reference Year Main focus Findings
study
Contaminant (PVCC) can in decrease of pollutants
. distribution and inhaled concentration in the inhaled air by (12.4-
Lipczynska et.al. o ) ) ) ) ) o
[30] 2015 Silesian air quality by using 84.4 %) and of the airborne infection risk by
University ventilation systems (35.4-80.9 )% comparing to (CCMV and
(Poland) (PVCC, MV, MVCC TVMV).
and MVCC/PV)
Tongji A simplified correlatio he size of the heat flux can be determined
Yuanet. al. 2015 | University between heat flux and separately in different radiation systems
[31] (China) temperature difference
Aalt Compared of (DCV), For the studied systems, the thermal
alto
Lestinen et. al. o (CB), (CCMV) systems conditions were identical , CCMV, on the
2019 | University . o ]
[32] ( Finland) of thermal conditions other hand, may minimize draft discomfort
inlan
slightly .
Influence of ceiling In a space with mixing airflow, the chilled
WU et al Dalian surface temperature on ceiling had a minor effect on the indoor air
u et. al.
(33] 2020 | University indoor air flow distribution
(China) characteristics with
MV+CC
H The thermal comfort of | At the same operative temperature range, the
unan
Tian et. al. o passengers with RCF RCF system for thermal comfort greater
2020 | University . ) N ]
[34] (China) comfort conditions than with traditional air
ina
conditioning
(PV) may only be an infection-prevention
Chi effectiveness of (PV) on strategy if it is maintained with high
ina
Xu et. al. o the risk of cross ventilation efficiency at the inhalation zone,
2020 | University ] ) ) ) ]
[35] (Chin) infection between two which may be accomplished by decreasing
ina
occupants infectious flow entrainment and boosting
clean air volume.
American Capacity of a CPV 93 % of the participants felt thermal
Chakroun et. al. ] ] ] ]
[36] 2020 | University system with DF/CF comfortable during the first 30 min at
(Lebanon) temperatures from 21-22 °C
Auerswald et. al. | 2020 | Offenburg Effectiveness of push- | Air exchange efficiency varies depending on
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[37] University | pull ventilation aerators boundary conditions.
(Germany)
Shin et al Pukyong Cooling capacity and Cooling capacity of the open-type CRCP
in. et al.
(36] 2021 | University | energy performance of system increased while reducing energy
(Korea) the CRCP system consumption.
Table (2-3) Summary of Experimental and Numerical Studies
Place of
Reference Year Main focus Findings
study
The face and upper body portions were
Bolashikov and Warsaw
. . Determined optimum particularly sensitive to changes in the direction
Bogdan 2015 | University
airflow direction using PV of provided airflow
[39] (Poland)
Energy savings
Hunan performance , surface A cooling radiant ceiling was found to have
Ning et. al.
2016 | University | temperature distribution consistent temperature distribution and
[40]
(China) and cooling capacity for improved cooling capability by 43-46 %
cooling radiant ceiling
Babylon Performance of
Mahdi et. al. Use of floor DV reduces the concentration of
2016 | University ventilation and air flow
[41] pollutants but more prone to disturbance
(Iraq) distribution
Performance of sinusoidal When compared to a constant PV system
American
AlAssaad et. al. flow (PV /MV) system to with the same thermal comfort, PV energy
2018 | University
[42] predict thermal comfort costs were lowered by (21.34 %)
(Lebanon)
and IAQ
American Capacity of an
Al Assaad et. al. Intermittent PV CC improved comfort and
2018 | University intermittent PV CC for
[43] IAQ and saved 7.52 % of the energy
(Lebanon) IAQ
Al Assaad et. al. 5018 American The ability of PVM system operating at a frequency range
[44] University (PVIMV)protecting of (0.78-0.94) Hz will provided ventilation
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(Lebanon) occupants from indoor efficiency of about (77%) as well as a
contaminants (16.1%) reduction in energy costs
accumulation
Effect of vent inlet size on The lower the intake size higher the inlet
Aalborg
ventilation efficiency ventilation at ACH constant, at the outlet the
Cao. et. al. [45] | 2018 | University
using a dimensionless higher the ACH, the lower the average CO;
(Denmark)
time scale concentration
Not all points within the operating limit area
were suitable for practical application in
Yuan et. al. Characteristics of radiant
2019 (Ireland) order to avoid the risk of water
[46] ceiling system
condensation in the cooling mode and large
temperature differences in heating
Difference of
A thickness of (4-5 mm) for cooling panels is
Su et. al. temperatures on the
2019 (France) recommended to obtain a consistent surface
[47] whole cooling panel
temperature distribution
surface,
Debrecen Developed personal ALTAIR PV system saves energy compared to
Csaky et. al.
(48] 2019 | University ventilation system conventional refrigeration systems and
48
( Hungary) (ALTAIR PV) improves the thermal comfort sensation
Tianjin
Dynamic change of Condensation on the radiant ceiling panel
Jin et. al. University
2020 surface temperature of surface easily avoided when the cooled
[49] China
radiant ceilings water source is turned off.
Effect of water supply
temperature, mass flow
South The air supply temperature and internal heat
rate, heat load
Xie et. al. China load have a favorable relationship with
2020 distribution, and radiant
[50] University indoor air temperature, but the air supply
roof capability on radiant
China velocity has a negative relationship
roof capacity and thermal
comfort conditions
Hokkaido Thermal comfort of the (RCCP) system provide thermally and
Ye et. al.
2020 | University | RCCP system with forced | Economically effective, but it cannot prevent
[51]
(Japan) ventilation hot air from escaping through individual
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windows.
The new cooling strategy results in the (VC)
American created a self-contained,
Khail system running for fewer hours and saving
2020 | University | autonomously controlled
[52] 53% in energy compared to the base case
(Lebanon) (PV)
when using only the (VC) system.
Four different ventilation
Tianjin
techniques have different | SSW-RSW might provide the highest level of
Zhang et.al. University
2020 effects on the thermal indoor air quality, based on average indoor
[53] (China)

comfort and indoor air

quality.

PM2.5 concentration.

Katramiz et.al. American Impact of individual flow | When PVi< 4 |/sin tandem and PVi>9 /s in
[54] 2021 | University control of PV on the risk facing positions a low exposure for healthy
(Lebanon) of pollution people
1.CMP decreased iF and DFr at 5 I/s.
2. VDG reduced iF while increasing DFr at 10
American Inhalation exposure (iF)
Al Assaad . et. al. I/s.
2021 | University and garment pollution
[55] 3. RMP decreased iF while increasing DFr at
(Lebanon) performance(DFr )
101/s
Shbeeb et. al. 2021 Compare two types of With increased cooling load treated by the
[56] Hilla supply diffusers with the chilled ceiling, the local air age increased.
(Iraq) used (CC/DV) system to | CO2 concentrations rise with height, but this
determine air age and effect fades as the proportion of cooling load
thermal comfort treated by chilled ceiling rises. The semi-
characteristics. circle diffuser had benefits in terms of
lowering air age and CO2 content.
studying the impact of
the mean age of air, and
Hilla PV air flow rate and
Present work 2023
(Iraq) supply air temperature

on the PYMVCC

performance .
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2.5 Scope of the present work.
The current study will concentrate on the following topics:

1. Studying of the performance of the chilled ceiling combined with
mixing ventilation and personalized ventilation(CC/MVPV) system
under Iraqg climate (Hilla city) in terms of air age and thermal comfort,

considering occupant density experimentally and numerically .
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2. Comparing the air age and thermal performance for the chilled
ceiling combined with mixing ventilation and personalized
ventilation(CC/MVPV) with chilled ceiling combined with mixing

ventilation (CC/MV) considering occupant density

3. Evaluation the effected by the change in the portion of cooling load

treated by chilled ceiling on air age and human thermal comfort metrics

4. Examining the effect of PV air flow rate on acceptable value of the
age of air and distribution of air temperature and determining the best
flow for (PV) system operation to improve thermal comfort and protect

occupants from negative pollutants.

5. Studying human response to system in terms of ( thermal sensation,

perceived air quality, work performance).
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2.6 Originality Points of the Present Work

The present work study the effectiveness of the (CC / PVMV) system
with portion of cooling load treated by chilled ceiling () in terms of
air age, air temperature distribution, CO, concentration, and indoor air
quality parameters (PMV, PPD, and ADPI) and compare it with the
system (CCMV), taking into account the density index occupied in an
office room under the climate of Iraq - Hilla city. The data will be
collecting by using experimental work and compare results with
numerical data obtained by adopting appropriate turbulence model in

computational fluid dynamics(CFD).
The originality of the current work can be summed up as follows:

1. There are few studies that discuss combined mixing ventilation and
personalized ventilation with chilled ceiling systems to attain the
capacities required in numerous enclosed space applications under
hot and dry climates (such as the Iraq climate in Hilla city) taking

into account the density index occupied.
2. Using AIRPAK.3.0.16 software in the numerical study , one of the
new systems, and a scientific addition to our current study, as most

of the previous studies did not address this technique.

3. Using an active self controller for the compressor operation and

cut off , breathing cycle through experimental tests of the system.
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The performance of the (CC/MVPV) system was investigated using
Computational Fluid Dynamics modeling. The major goal of the (CFD)

analysis is

e Determination of the effect of average air age, thermal comfort
parameters, PV air flow rate, and air temperature on associated system
performance as studied in experiments but in more detail

e CFD data can be used to visualize air transmission and pollution in
other rooms.

e Comparison of the optimal system with mixing ventilation in terms of
average air age, temperature distribution, CO, concentration, and
thermal efficiency, which will be addressed later in the results and
discussion.

e The numerical simulation seeks to solve mathematical equations based
on basic conservation laws (continuity, momentum, and energy
equations) for the research case,[57]. Five numerically cases are
studied as listed in Table(3-1)
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Table (3-1) Description of the numerical cases studied

Qs Qmv Qpv

Cases Case study Description
(WIm?) | (L/s) | (L/s)

Isothermal
Experimental and | office room
Case-I CCMV 59.33 46 | --—--- . .
numerical study at different
value of (1)
Isothermal

Experimental and | office room

Case-1l | CCMV/PV 59.33 46 5 _ .
numerical study at different

value of (1)

Isothermal
Experimental and | office room
Case-1ll | CCMV/PV 59.33 46 7.5 _ .
numerical study at different

value of (1)

Non-
isothermal
Case-IV CC/MV 132.34 240 | --—---- Numerical study | meeting room
at different
value of (1)

Non-
isothermal
CCMV/PV 132.34 240 7.5 Numerical study | meeting room
at different
value of (1)

Case-V

3-1 CFD Models

3.1.1 CFD software

CFD simulations using (AIRPAK.3.0.16) are primarily utilized to
capture the velocity and heat fields, as well as the carbon dioxide
concentration field,[57]. The design and analysis of ventilation systems

that are necessary to provide indoor air quality, thermal comfort,
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pollution control solutions are made simpler by the use of AIRPAK, an
accurate, rapid, and simple to use design tool. Together with FLUENT's
quick, accurate, and tried-and-true unstructured solver engine, it is
possible to quickly build and automatically mesh ventilation system
problems. It had been used by a number of researchers to analyze the
performance of ventilation in indoor environments such as Gao [58] and
Liang [59].

3.1.2 Conservation of thermal energy

The assumptions for solve Reynolds Average Navier_stokes equations
(continuity, momentum and energy equations) as steady, constant density,
3D, Newtonian, incompressible liquid, without chemical reaction,
turbulent flow liquid,[60].

(A) Conservation of mass:

The incompressible steady three dimensional flow is expressed as

following:

] a a

&(U)‘Fa—y(V)ﬁ'a(W)—O (3—1)
(B) Conservation of momentum (Navier-Stokes equations):

The conservation equation of momentum for three dimensional flow is as

following:

X-direction (U-momentum)
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9 9 9 _ % 0w, 0 0
3 () + 2 o) + - (puw) = = 2+ 2 (u52) + 7 (u5;) +

O (222 [ (2 Y WY 4+ 2 puu + 2 (—ou'v!
6z(uaz)+36x lJ'(ax-l_(')y-l_62)]-I_(’))<( puu)+ay( puv)+

i
a(—pu'w') +p gy ...(3-2)
Y-direction (V-momentum):
(o) + - (pv) + = (pvw)
0x puy dy vy 0z PYw
B ap+a( 6v>+6( 6v>+6< GV)
~ dy  0x Hox dy ”ay 9z \" 8z
] — ] ] —
+&(—pu’v’) + a—y(—pv’v’) + 5(—pv’w’) +p gy

..3-3)

Z-direction (W-momentum):

d d d

33 (1) + 5 (ovw) 5 (pww)
B 6p+6<6w>+6(6w>+6(6w>
~ dy  0Ox Hax dy “ay 9z\" 8z

a — 0 oot 9 w'w'
+&(_puw)+a—y(—pvw)+£(—pww)+sz

".(3-4%)

The terms (pv'w',—pw'w’,pu'v’',pv'w’,pu’w’..etc.) are the

turbulent Reynolds shear stress (tt) and (pgxy,;) IS body force.
(C) Conservation of thermal energy:

The energy equation per unit volume for steady three dimensional flow
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0 %) 0
% (pUT) + 3y (pVT) + 37 (pWT)

d aT d dT
=&(F&)+@(Fa—y)

d oT

+£(r5) ...(3-5)

where (') is the diffusion coefficient (diffusivity), which can be

calculated as follows

r==

...(3—-6)

_ Cpu

Where the Prandtl number (Pr) =

R

..(3=-7)

3.1.3 The turbulence model

The numerical prediction of the air flow inside the test chamber is
done using the( RNG k-¢) model turbulence model [61]. Using the (RNG
k-g£) method, the model was developed from the instantancous Navier-
Stokes equations, and includes low Reynolds number effects for
processing the flow near the wall regions. With low turbulence levels,
(RNG k-¢) model shows the best accuracy for forced mixing and
convection, [61]. Compared with other turbulence models, the (RNG k-¢)
model model is more suitable for simulating air temperature and air flow
(Shbeeb and Mahdi, [62], Chen, [63]. As a result, (RNG k- &) model
turbulence model was used in this investigation due to its accuracy and
somewhat superior computing efficiency. The discrete coordinated

radiation model was used to calculate the transfer of radiant heat between
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surfaces. The Boussines eq model took into account the effect of

buoyancy. In a general sense, the models can be written as follows,[64]:

e A term was added in the dissipation equation(e) to relate the

disturbance dissipation to the mean shear

e The effect of eddies on turbulent flow had been addressed.

e Analytical formula for turbulent Prandtl number.

e the differential formula for effective viscosity analysis.

Predictions are improved as a result of adding an additional term to the

dissipation equation, by:
e streamline curvature and high strain rate

e Transitional flow , mass transfer and hot walls.

The spreading of a round jet is still not accurately predicted by equations.

TKE equation,[ 64].

U dk @2 . d ( ak)
. — = — a —
PYi axi ‘i{f—J axi k”eff axi
—_— l
i Generation 1
Convection Diffusion
- pE ...(3—8)
l
Dissipation

Convection Generation Diffusion Dissipation
1 (0dU; aU;
S=/25.S.. S.:= _<_1_|_ _l>
YoUr 25 =72 \ox | ox

..(3-9)

Where Dissipation rate equation:

oe g , 0 oe gl
u 2 _c [£] 52+ %\ _c,p & |-R
P |6Xi 1g(kj/'lt axi (aa‘ﬂeff axj ng{ kj -
H_/ %/—J

Convection Generation Diffusion Destruction

..(3-10)

Additional term Related to mean
strain& turbulence quantities
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As shown in the dissipation equation (3—11), the (R) term is represented

by

3 1_1 2
_ n”p Cy ( QO)E
(1+Bn3)K

Where n = S?K .. (3-
11)

The values of the model's constants were C;.=1.42 and C,.=1.68, f =
0.012,n0=4.38, C, = 0.0845

3.1.4 Structure of the software AIRPAK
The four basic phases of the AIRPAK program are as follows,[57]:

1. Build model: Objects are created based on predefined elements
(rooms, people, blocks, fans, etc.) in addition to defining the
boundary conditions of the model.

2. Generate mesh : The form is divided into individual parts. The
equations regulating heat transfer and flow within these elements
will be solved using Airpak software.

3. Calculate the solution: Once the solution is calculated, Airpak
checks the model, saves the project, and starts preparing portfolio
equations for each node in the model.

4. Examine the results: After the solution is captured, the results (air
temperature, air velocity, PMV, PPM, ADPI, etc.) can be analyzed.
The main AIRPAK framework appears as indicated in Fig.(3-1)
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Packaae
W
Generate Mesh
]
N
Calculate Solution
| L—
P FLUENT
Examine ﬁesults
Airpak

Fig.(3-1) Structure of the basic program
3.2 Numerical Cases Study

At the beginning, Simulation results are compared with experimental
measurements to validate the two systems (CC/MV, CC/MVPV) for four
tests under three conditions (I, Il and IlI). To describe local air
movement, velocity vectors of air dispersion around the manikin are
shown. Following the validation of the CFD model, it is utilized to
simulate a parametric study in meeting room under Iraq climate (Hilla
city), to determine the effectiveness of the two (CC/MV,CCMV/PV)
systems in offering acceptable indoor air quality and thermal comfort
.The numerical findings for meeting room cases are compared to
ASHRAE standard data by using AIRPAK.3.0.16 software is used.

3.2.1 Case-1 , Il and Ill (insulated office room with CC/MV and
CCMV/PV)

The numerical model was used to simulate office room with the
dimensions (3 x 2.5 x 2.5) m? as indicated in Fig.(3-2), Fig.(3-3), which
corresponds to the same size of the experimentally office room in which
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the model validation study was conducted for three persons, with chilled
ceiling and two ventilation system as mixing ventilation (air supply is
located in the upper part of the room and air exhaust at the lower part of
the room as shown in (Case-1) and personalized ventilation (The PV
nozzle is located at (1.1 m) breathing height, and is separated from the
occupant by (0.4)m as shown in (Case-ll and Ill). In three cases, the

chilled ceiling served as two walls.

q €———1 Light

— Person

= P.C
Exhaust | V

\\’ :
—

3m 25m

Fig.(3-2): lllustration of an office room with CCMV, (Case-I)
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r Q@
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R
| B

Fig.(3-3): lllustration of an office room with CCMV/PV, (Case- Il and
1)

3.2.2 Boundary conditions

Boundary conditions for simulating an isolated office room for the
three cases (Case I, Case Il and Case 11l ), as shown in Table (3-2) and
Table(3-3).

Table (3-2): A description of the simulated systems and their boundary

conditions
Part Details

Constant inlet velocity and temperature for MV
Vmv=2.5m/s Tmv =17 °C, [65]

Ventilation systems | Constant inlet temperature Tpy = 22 °C, [65]

(MV, PV ) Average air flow rate Qrv=51/s,7.51/s

Room air temperature T =25°C
Outdoor air temperature  To =47°C , [65]
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Turbulence intensity = 10%
Discrete phase modeling of (MV,PV) = Reflect

Pressure: Outlet, gauge pressure = Zero

Exhaust grille Discrete phase modeling: Escape

Wall: Stationary, No slipping

Sidewalls, ceil and floor : Zero heat flux

Occupants, computers, lights : Constant heat sources
Discrete phase modeling = Trap

Thermal manikin,
walls, Table floor,
chair

Manikin (Human Constant skin temperature of body for all parts

Body)
CO2 Constant inlet velocity , Turbulence Intensity = 7.7 %
source Constant inlet value of concentration Cin = 1000 ppm
Table(3-3) The boundary conditions for the (Case I, Case Il and Case IlI
).
Parts Boundary condition Equation
rectangle air supply inlet velocity
no penetration and no _
walls slip condition u=0
. : dg _dq_dq_
sidewalls, ceil and floor zero heat flux = '=""=0
dx dy dz
exhaust grill constant air flow rate Vi, =V
Occupants, computers _
and lights constant heat sources g=constant
chilled ceiling constant temperature T=constant
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3.2.3 Mesh strategy creation

Due to the presence of the (CCMV/PV) systems, complex airflow
field behavior is seen in this study. The (MV) , in reality, creates a
complex flow with recirculation zones and mixing. The (CC) creates a
temperature gradient in space, which causes unstable stratification and
buoyancy, resulting in high turbulence intensities. Furthermore, the PV
adds to the turbulence in the microenvironment around the occupant. In
addition, there are a number of heat sources in space that cause thermal
plumes. Variables in the airflow field, such as temperature, age of air,
velocity , containments concentration are affected. As a result, to resolve
these various fields , in addition to calculate heat removal effectiveness
(et, ADPI) , the simulation was performed using (RNG k- €) turbulence
model,[59].

AIRPAK simulation software to simulate airflow, pollutants, and
thermal comfort rapidly and precisely. The use of the premier
computational fluid dynamics program, to ventilation problems is made
easier with AIRPAK software, [60]. to solve the equation for mass,
energy, and air momentum conservation. For the purpose of solving flow
equations, the (RNG k-) turbulence model was adopted. Hexa Cartesian
geometry was used to discretize the (CC/ MVPV) mesh, which had
(945393, 1120235) element and node numbers, respectively, at (n = 0 to
80%) and (0.07) size elements. For this function, the space needs to be
properly meshes in order to make accurate predictions about flow
behavior Fig.(3-4a). Simulations were performed until the results were

stable, as indicated in the picture, at a level of approximation (107).

A mesh improvement study was also carried out in order to detect

and reduce the mistake caused by the estimate.
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3.2.3.1 Mesh independence study

The grid independence test played a crucial part in the simulation
study in determining mesh quality. The grid was meant to solve the
boundary layer and capture thermal environment behavior on all sides of
the occupants and other objects. To put it another way, the mesh has no
bearing on the answer. After that, the five sites used to record the
simulation results of air age and temperature were chosen (2.75, 1.1, 0.5).
Two of them P1 and P2 are located at two different heights in front of the
supply distributor, while P3 and P4 are located in the breathing area near
three of the passengers. Figs. (3-3) and (3-4) show the air life and
temperature profiles of five Different specific node numbers.The grid size

in this study was determined by comparing the simulation results for

various mesh sizes as listed in Table (3-4).

lated-CCSMMY 1900

00 20 300 A0

herations

Done | Lowerpri |  Teminate | Pint | Setrange | Fullrange |

a- Residual error monitor
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c- Case-11 and 111 CCMV/PV

Fig.(3-4) lllustration of the meshed model for three cases

Table (3-4) Mesh strategy for an office room (Case I, Case Il and Case 11)
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Size global settings
eleme
Element Node Max Min
Case nt Mesh
n% No. No. size elems on
(XY, | parameter _ »
2) ratio cyl face
0 314657 329321 0.07 Normal 2 4
case-| 25 | 334923 | 343678 | 0.07 Normal 2 4
' 50 334923 343678 0.07 Normal 2 4
80 334923 343678 0.07 Normal 2 4
0 366549 377768 0.07 Normal 2 4
25 382089 402618 0.07 Normal 2 4
Case-1l] 50 382089 402618 0.07 Normal 2 4
80 382089 402618 0.07 Normal 2 4
0 442088 456633 0.07 Normal 2 4
Case-| 25| 446587 | 468617 | 0.7 Normal 2 4
I 50 446587 468617 0.07 Normal 2 4
80 446587 468617 0.07 Normal 2 4

3.2.4 Calculation of error for validated cases

The average error was calculated using the following equation to

compare the experimental and simulated results , [64].

n

Xip — Xi

E = Z| CFD EXP|*100

. [Xkxel
i=1

Where (X) represents the variable value , |Xgrp, — Xixp| denoted

the exact difference between the simulated and experimental values for

variable (X), and (n) is the number of measurements.
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3.3 Numerical Study for Meeting Room (Cases-1V and V)

In this section, the goal of this study was to determine the thermal
environment and age of air and contaminate concentration and
temperature distribution in meeting room for eight occupants with chilled
ceiling with mixing ventilation and personal ventilation (CC/MVPV )
system, and to compare them with mixing ventilation and chilled ceiling
(CC/MV) under Iraqi- Hilla city climate with various cooling load ratios
treated by chilled ceiling (25 %, 50 %, and 80%).

Ventilation in office spaces have been extensively researched, but
there have been few studies comparing the thermal environment achieved
with chilled ceilings combined with mixing ventilation and personal
ventilation system into meeting room. In order to effectively implement
demand-driven solutions in buildings, it is critical to use extensive fine-
grained occupancy data. Therefore requires the greater research into the
meeting room ventilation system is needed. The results were compared to
data from the American Society of Heating, Refrigeration, and Air
Conditioning Engineers ( ASHRAE standard data) [65, 4].

3.3.1 Cases description

The numerical model was implemented in a meeting room of the
dean of the College of Engineering with dimensions of (7 x 2.5 x 4.5)
m?3 under the Iragi climate in the summer season at (47°C) ,[66] as shown
in Figs. (3-5)and(3-6). The ceiling was fitted with radiant cooling panels
that covered (80% )of the surface area. The room has a total heat load of
(2311W) distributed between (occupants, computers and lighting, tables),
two glass windows are fixed to one of the long walls of the room, as
shown in Table (3-5), details of equipment and people in the meeting

room. The walls of the room consist of several layers of different
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thickness, indicated in Fig.(3-7) and Table (3-6). The cases were created

in accordance with the recommendations of EN 15251 Standard for

indoor climate settings,[67].

Table(3-5) Dimensions and thermal load of the internal

components for the meeting room(Case-1V and Case-V)

Dimensions of the room (m)

Sensible heat,

Items No.

X(m) Y(m) Z(m) [68]

Person 8 0.35 1.1 0.2 75 W per person

Desktop computer 1 0.3 0.3 0.3 60
Desk 1 3 0.1 3 | -
Window 2 15 1 (0 —
door 1 0.1 2 1

Supply 1 0 0.2 0475 [
Exhaust 1 0 0.2 036 | @ -
Lights 4 0.15 0.1 0.1 320
T.V Display Screen | 1 1 0.5 0.1 150
Chilled ceiling 2 3 0 44 | -
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Fig.(3-6): Illustration of an meeting room with CCMV/PV, (Case- V)
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Fig.(3-7) The side walls and their components that transfer heat.

Table (3-6) Details of thermal properties for materials , thickness and

walls for insulated office room .

_ Thickness Thermal conductivity
Material
(m) (W/m.°C), [67]

Brick 0.24 0.72
Gypsum 0.02 0.42
Cement 0.02 0.72

Wood 0.03 0.17

glass 0.006 1

3.3.2 Theoretical analysis
3.3.2.1 Calculation of meeting room cooling load

The method for calculating cooling loads was detailed in the
ASHRAE Handbook, 2013, [68]. As shown in the table, the heat gain is
separated into two portions, the first due to occupant heating, lamps,

computers, and other heat sources in the room zone. The second part is
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heat acquisition from the outside, which occurs due to heat transfer
through windows, walls, and doors.To calculate heat transfer from the
walls, door, and window, apply the cooling load temperature difference

approach equations (13 to 20):

Q = U x A x CLTD, ....(3-13)
1
" Ru

Rth=i ...(3-14)
h;

pelel, Ll -1

CLTDc is computed as follows:

For the interior walls:
CLTD; = (CLTD + LM) X K+ (25.5.5—-T;) + (T, — 29.4)....(3 — 16)

T,=T, — — ...(3

For the door and window:
CLTD; = CLTD + (25.5.5—Ti) + (Tm — 29.4) ...(3
—18)

The heat gain from solar-generated heat transfer through the
window is calculated as follows:
Q = A X SC x SHG x CLF ...(3
—19)

The corridor temperature, [68] can then be calculated using equation (9):
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2
Teorridor = Ti + §( Ti— T,) ...(3

—20)

The HAP program was used to determine the overall cooling load
for the non-insulated office room, which came to be equivalent to
(2311W).

3.3.2.2 HAP-4 .5 software

Carrier's Hourly Analysis software (HAP) is a tool that helps
engineers in designing heating, ventilation and air conditioning systems.
(HAP) had two tools. First, it is a tool for calculation cooling or heating
load and design systems. The second tool used to simulate building costs

and energy.
3.3.2.3 Supply air temperature and flow rate for (CCMV/PV) System

The thermal loads inside the room are broken down into two parts:
the first is caused by the heating of the person, lighting, computers, and
other heat sources in the room's vicinity. The second component is heat
gain from the exterior, which is brought on by heat transfer through walls,
doors, and windows, as explained in (ASHRAE Stander, 2017) , [65]

using the following equations:

ChlmMy = doe + a1 + Qex ...(3-21)

Determination of supply air temperatures for MV systems using
room air temperature as the design parameter as suggested in (EN 15251
and EN 1SO 7730), [69,70]. Calculating the supply air flow rate (Qs)
according to the following eq:
CLyy = m® X cp X AT ....(3
—22)
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Quy =m’ X p ....(3
—23)
3.3.2.4 Selection of air supply diffuser

Calculating the surface area of the rectangular diffuser for the air

according to the following equation:

Qs = Vy X Ag ...(3—-24)
where Vy = 2.5,[71]
ACH = Qpy Vroom X 3600 ... (3—=25)

Where: Vy: local air velocity (m/s); As follows: The area of the
exhaust grills is approximately (80%) of the surface area of the air supply
unit (m?) ,[71,68].

3.3.2.5 Design of Chilled Ceiling

Heat exchanged through natural convection with the room air and
thermal radiation with other inside surfaces on the radiant cooling panels'
surfaces during the test. The Stefan-Boltzmann equation can be used to

determine radiant heat transfer,[72].

|tp_ta|0.31 (tp_ta)

qc = 2.42 D,008 e (3
- 26)

dr =5*10'8[(tp +273.15)*-(AUST+273.15)*] .. (3-
27)

Qcc=0qr+ Qqc coee (3
- 28)

The cooling load (CLcc), eliminated by the radiant panels was computed
by measuring the airflow rate and the supply and return air

temperatures,[72].
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CLcc = MysCPpw (Twr — Tws) ... (3
- 29)

The (n) is the ratio of the cooling load removed by the chilled ceiling to

the overall cooling load (CLcc), it is calculated as follows.

The chilled ceiling surface temperature was calculated using an
empirical equation (3-30), [72]. Table (3-7), present the values of (Ts) and

(Tce) at various value of ().

(CLmy + CL¢c)
—30)
CLmv/CLcc
Tec = Tra — (g )°° ..(3
—31)
Where f = chilled ceiling area (Acc) ~0.8 “(3 .

floor area(Af)

32)

Table (3-7): Operating settings and experimental conditions for(Case-VI and
Case-V)

n CLpvmv Clcc Qmv Qrv Ts @s TC(C)
(%) (W) (W) (Lis) | (Lhs) | €C) | (%0) [ (C)
0 2311 0 240 7.5 17 85 0
25 1733 577.8 240 7.5 19 75 23
50 1155.5 1155.5 240 7.5 21 65 21.39
80 462 1848.8 240 7.5 23 58 19.45

3.3.3 Boundary conditions

The boundary conditions for the two insulated office room cases
are shown in Table (3-8). (Case-1V and Case-V).

Table (3-8): A description of the simulated systems and their boundary
conditions
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Part Details
Constant inlet velocity and temperature
Vmv= 2.5 m/s Tmv =17°C ,[65].
Constant inlet temperature Tpy = 22 °C ,[65].
Ventilation systems Average air flow rate Qpv=75I/s
(MV, PV ) Room air temperature T =25°C
Outdoor air temperature To =47°C ,[65].
Turbulence intensity = 10%

Discrete phase modeling of (MV, PV) = Reflect

Exhaust grille

Pressure: Outlet, gauge pressure = Zero
Discrete phase modeling: Escape

Thermal manikin, walls, Table
floor, chair

Wall: Stationary, No slipping

Ceil and floor : Zero heat flux

Walls, window , door (1181 W)

Thermal manikin (75 W) , lamp (320 W) Comp (60 W)
T.V screen (150 W)

Discrete phase modeling = Trap

Manikin (Human Body)

Constant skin temperature of body for all parts

CO2
source

Constant inlet velocity ,Turbulence Intensity = 7.7 %
Constant inlet value of concentration Cin = 1000 ppm

3.3.4 Mesh strategy creation

As previously explained in section (3.2.3), Table(3-9) shows the

number of elements and nodes, the size of cells that are appropriate for

meeting room after applying the mesh technique to the meeting room

generated by the AIRPAK software. Parts of the meshed model for

(Cases IV and V) are shown in two cases in Fig.(3-8) .
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Table (3-9) Mesh strategy for meeting room (case V, case VI)

i

b- Case-V CCMV/PV

Appendix

Fig.(3-8) Illustration of the meshed model for three cases

global settings

Size Min
Element Node Max
Case | n% element Mesh elems
No. No. size
(X,Y,Z)| parameter ) on cyl
ratio
face
0 945393 955640 0.07 Normal 2 4
Case-V
25 1120235 1121930 0.07 Normal 2 4
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50 1120235 1121930 0.07 Normal 2 4

80 1120235 1121930 0.07 Normal 2 4

0 1367881 1431392 0.07 Normal 2 4

25 15519055 | 1667121 0.07 Normal 2 4
Case-VI

50 15519055 | 1667121 0.07 Normal 2 4

80 15519055 | 1667121 0.07 Normal 2 4

3.4 Procedures for Numerical Solution

This section contains thorough information on the processes used in the

numerical solution of the six situations under consideration four cases.
3.4.1 Properties of the working fluid

In all simulations, the simulated fluid is a mixture of air and CO; ,
H,0 serving as relative humidity. The values of the air characteristics are
listed in Table (3-10).

Table (3-10) lists the characteristics of air and CO; ,[73].

Parameter Air CO,
Density (p) (Kg/m®) 1.225 1.7878
Thermal Conductivity (k), (W/m.K) 0.0242 0.0166
Specific Heat (Cp), (J/kg.K) 1005 871
Viscosity (9), (kg/m.s) 1.7894x10° | 1.495x10°

3.4.2 Boundary conditions of momentum

The momentum boundary conditions for the areas of the model tested
room are shown in Table (3-10) for the five cases (Case-I, Case-Il, Case-
I11, Case-1V, Case-V). The equations of general boundary conditions are
given in Table (3-11) and Table (3-12).

Table(3-11) Momentum boundary conditions.

Momentum condition

Part Type

Wall Motion |  Shear
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condition
Persons, :
computer, side Wall Stationary I'NO'
wall. slipping
tables and lights
. velocity magnitude (normal with
Rectangle a inlet X-direction)
supply diffusers
: H Vin \ —
Extract grills out flow flow rate weighting (7;;;) =1

Table(3-12) Boundary conditions equations

Velocity Temperature Heat flux
Boundary
(m/s) (°C) (W/m?)
Inlet U=us T=Ts -
Ain oT
Outlet U=u —_= -
Aot ax ="
) U=0,
No slip at _
For six cases V=0, - qwall/Awall
wall
W=0

3.4.3 Controlling the solution

The RNG k-model was utilized to model turbulence due to the
(MV/PV), and CC causing turbulence, [57]. Table (3-13) shows the

discretization techniques for the various variables (momentum, energy, kK,

species ...) For all quantities, numerical convergence is achieved with

scaled residuals of less than (107°).

Table (3-13): Setup of the numerical model and solver

Flow 3D Pressure based, steady state, incompressible
fluid, without chemical reaction, frictionless and
implicit formulation

Turbulence | RNG k- model, enhanced wall treatment, full
model buoyancy effect
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Semi Implicit (SIMPLE Scheme)for pressure and
Methods of | Velocity . PREssure Staggering Option (PRESTO)
for pressure, Second order upwind for velocity,
temperature , H,0, CO; .

solution

The relaxation factor (o) is used to control the updating of the
variables' value (@)which is computed at each iteration using the

equation:
(I)n = d)old + O(ACI) . (3 — 33)

This means that all equations are associated with an under relaxation
factor. For each variable in the (AIRPAK) software, there is a default
under relaxation factor; these default values are near ideal and adequate
for many difficulties and the vast majority of cases ,[57]. Table (3-14)

lists the under relaxation factors that were employed .

Table (3- 14) factors of under-relaxation

Properties Under-Relaxation factor
viscosity 1
Momentum 0.7
Temperature 1
Body force 0.1

A-LXXX



Appendix

Turbulent Viscosity 1
Pressure 0.3
Turbulent Kinetic Energy 0.5
H20 1
Turbulent Dissipation Rate 0.5

3.4.4 Criteria for Convergence

At the end of each iteration, the residual error (RE) for each variable

(9)is calculated using the equation:

Rg = ¢n — dnoa

...(3-34)

The solve will terminate when the residual error for continuity,

velocities, energy, H,O, CO,, turbulent dissipation rate, and turbulent

Kinetic energy equations reaches the values presented as shown in Table

(3-15) . The residual error is inversely proportional to the numerical

results' precision.

Table(3-15) Residual error for tested cases.

. - X- Y- Z-
Equation | Continuity velocity | velocity | velocity Energy | K e | Hxo | Co;
R. error 10° 10° 10° 10° 106 | 10° | 10° | 10° | 10°

3.5 Prediction of Human Comfort and Air Quality Parameters

The air temperature and velocity distributions, (ADPI), (PMV),

(PPD), can all be anticipated after AIRPAK program had completed its

analysis.
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The following equations can be used to compute the (PMV),
(PPD), and (ADPI), [69,70,74].

PMV = [0.303 exp (—0.036M) + 0.028]L ....(3—-135)
PPD = 100 — exp[—0.03353(PMV)* — 0.2179(PMV)?] ....(3 — 36)
ADPI = (Ny/N) x 100 ...(3=37)

The mean age of air , ventilation effectiveness index & , Air
exchange efficiency of occupants which allows for analytical 1AQ

measurement, was also used,[16].
Vv

Ty =~ ....(3—-38)
" Qumv
T
Na = = ....(3-39)
2(7)
Vi, ID;
D; = =— ....(3 — 40)
(Tp = Zi{thD; ...(3—41)
To—T;
Et=m (3—4-2)
CO_CI
....(3—-43
o) (3 -43)
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Chapter Four
Experimental Work

The goal of the experimental chapter is to generate performance data
for (CC/MVPV) system under controlled settings. This information will
then be utilized to create (CC/MVPV) system performance models for
use in system simulation software. Comprehensive parameters are
measured under various operating situations (indoor age of air, air
distribution temperature) to determine (temperature distribution
effectiveness (&), temperature different between heat and foot (ATrs) for
occupants and air exchange efficiency (na).

Practical the tests were carried out in the laboratory building of
Mechanical Engineering Department in University of Babylon under the
climate of Iraq (Hilla City). Hilla city is located in latitude (32.46 °C). and
longitude (44.42°C), [75] .In the summer, the city is known for its hot and

dry climate .

This was accomplished by calculating the overall cooling load and
estimating the real size of the supply air flow rate as well as the supply air
temperature required for optimal ventilation. Set up and build a chilled
ceiling to investigate the impact of heat sources on air age and air
temperature distribution around people. All of the experimental tests were
conducted as primary tests in June, with the results coming in July ,

August and September.

4.1 Experimental Facility and Configuration
4.1.1 Description of the tested room

Experiments were performed in office room of dimensions
(3x2.5x2.5)m, equipped with mixing ventilation and personal ventilation
placed on each desk and with a cooled ceiling (CC), as indicated in
Fig.(4-2). Tested room is adiabatic, the wall layers and ceiling are made

A-LXXXV



Appendix

from insulated materials(sandwich panel with a thermal conductivity of
0.161 W/m.K) ,[76].The total heat load to be removed of (445 W/m?) due
to occupants:( 75 W/manikin); computers: (60 W/computer); lighting:
(100 W). The (MV) system with its own air handling unit (AHU)
provides (100%) filtered recirculated air to the office. The air supplied by
the (MV) system at ceiling level from an end north wall. Exhaust diffuser
was located in the north wall near the floor. The (PV) system was
comprised of a computer-mounted panel that supplied conditioned clean
air horizontally to the inhabitants and was served by a separate (AHU).
Chilled ceilings are installed at height (2.5m) above the ground and

account for (80%) of the total floor surface, [77].

inlet and return chilled water

inlet cooled PIpes fiber-glass
air : < insulator
for inlet and
return

chilled
tested room

chilled water
tank

Fig.(4-1) Tested room from outside (at laboratory building)
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| / Vertical

instrumen

M

a- inside the testing room with the equipment's  b- thermal manikin with

instrument

Fig.(4-2) Photos of the experimental setup in an office room

All of the equipment from outside and inside of the tested room was
utilized to run and regulate the (CC/MVPV) system as shown in Fig.(4-

3), Table(4-1) .

< :
N 25m
I .lif {lr =

€

25
& 3m

Fig.(4-3): llustration of an office room with CC/MVPV

Table (4- 1) Room configuration for CCMV/PV for
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thermally insulated room.

Location (m)

Sensible
Item Start End
heat (W),
X Y Z X Y Z [78]
Room 0 0 0 3 2.5 25 | -
Mixing device 0 21 | 115 | 01 2.2 13 | -
Exhaust grille 0 03 117 0 04 133 -
Person no.1 0.25 0 0.5 | 045 1.1 0.9 75
Person no.2 2.75 0 2 2.95 1.1 2.2 75
Person no.3 1.75 0 2 1.95 1.1 2.2 75
Computer_no.1 0.6 { 0.7 0.3 0.9 1 0.6 60
Computer_no.2 2 0.7 1.7 24 1 2 60
Light 145} 24 23 | 155 | 245 | 25 100
Computer desk1 | 0.5 | 0.7 0 1 0 i
Computer desk2 2 0.7 1.5 25 0 25 1 -
Personal devicel @ 06 | 1.05 { 0.38 | 0.7 11§ 062 ¢ -
Personal device2 @ 2.2 ;| 1.05 { 1.88 | 23 11 ¢ 212 ¢ -
445W
Total cooling load 59.3W/m?

of floor area

All Configuration of the test room were described as the following:

e Two computers: the computers were mimicked using two wooden

boxes with many holes and an electric bulb to generate heat of

around (60W) for each one As illustrated in

Fig.(4-4), a single light fluorescent lamp was positioned immediately

below the ceiling in the middle of the room's western side .
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Computer
simulation

Fig.(4-4) Simulation of a computer using lamp to generate heat
e Thermal manikin

To simulate occupiers, three thermal manikins dressed in summer clothes
(total insulation with chair of 0.59 clothes) were utilized in the
experiment, and produced (75W) by putting a heat source(electric lamp)

inside each thermal manikin,[78].

As shown in Fig.(4-5), two manikins are seated, their hands are on the
table in front of them, and one manikin with a standing height of (1.68m)
Is used to imitate a typical male . The breathing mode was utilized for the
pollutant transportation study inside the room. The three manikin-
equipped artificial lung was utilized to mimic human breathing. The
manikin's lung system operated as a closed-circuit delivery and recovery
system for respiratory air, and it was attached to the outside of its body by
flexible tubing. The lung was regulated to simulate a typical inactive

person doing light breathing exercises.

Two seconds of inhalation, two seconds of expiration, and one second of
pause were used in each trial's breathing cycle. Two seconds of intake,
two seconds of expiration, and one second of pause made up the testing
breathing cycle. With a pulmonary ventilation rate of (6 I/min) for each

breath, the breathing rate was roughly (12) breaths per minute. (0.51/2s =
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0.25 I/s = 15 I/min) was used to compute the instantaneous flow,[79]. The
exhaled air used in this study was not humidified, but it was heated to a
density of roughly (1.144 kg/m?®) , which is believed to be comparable to
that of exhaled air from a human subject based on presumptions regarding
exhaled air properties. When the room air temperature was between
(25)°C and the relative humidity was around (95%), assumed that exhaled
air comprised (78.1 N2, 17.3 Oy, 3.6 CO,, and 0.9 air) vol.% ,[79].

Thermal manikin

Pipe for supply Co;

a- thermal manikin

Breathing cycle

(2 s intake, 2s

exhalation, 1s of pau ON

OFF

b- breathing cycle
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Fig.(4-5) Pictures of thermal manikin (standing and sitting) and breathing
cycle.

e Pollution source

In this study, the (CO.) tracer gas was employed to simulate contaminants
inside tested room .To provide tracer-gas into the room, a put of (CO,)
gas cylinder and mass flow controller were placed and the injection tube

in a side position of the room, as indicated in Fig. (4-6).

Trace gas (pollutant source) is supplied into the office room using a
(CO,) gas cylinder, some pipe connections, and a mass flow control unit.
The trace gas passes through the gas supply tube and then is injected in
front of the breathing zone of each dwarf for uniform distribution of the
trace gas emissions from the gas cylinder. This setup allows the tracer gas
to escape through human respiration, to simulate emission. A pressurized
tank that contained a flux meter with a spherical suspension floating
probe and a pressure adaptor made of stainless steel was used to supply
(COy) .

Mass flow controller

\ Flow meter

-

Flow controlling valve

CO; gas cylinder
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Fig.(4-6) Tracer gas channel with regulator
e Chilled Ceiling

Fig.(4-7) shows the hydraulic circuit schematically, four ceiling panels
made of an aluminum metal comprising corresponding copper pipe
meshes are installed in a parallel installation and fed directly from an
unpressurized water tank. Flexible (1/2in) diameter reinforced copper
pipes transfer water to the panels and return it to the tank. Two T-shaped

pipe fittings are also installed at the panels' inlet and exit to provide for

the aforementioned parallel flow.

Fig.(4-7) Top of ceiling panels with copper pipes( main and return pipes)

The chilled ceiling is made up of copper coil fastened to an aluminum
metal plate, according to ASHRAE standard, [80] as shown in Fig.(4-8) .
Because the aluminum plate and copper tubes have high thermal
conductivity ((237 W/m.°C) for (Al) and (390W/m.°C) for (Cu), [80]), as
well as corrosion resistance and ease of installation, so Then these
existing materials are a viable option for chilled water use. Copper pipe
has a diameter of (1/2 in),[77 and 80] .The chilled ceiling plates cover
around (80%) of the ceiling area. At the ceiling, there are four plates. The
dimensions of each plate are (LxW) (1.25m x1.2m) and (0.1m) thickness.

Aluminum sheeting and glass wool insulation cover the rear of each plate
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Chilled ceiling

frame nanels

Fig.(4-8) Bottom ceiling panel (copper coil pipe, aluminum metal plate)

Flow meter was also attached in the supply pipe, as shown in Fig.(4-9).
This setup allows you to tune the mass flow rate anywhere between (2

and 7) kg/min.

Fig.(4-9) Flow meter

As shown in Fig. (4-10) , metallic adhesive tape was used to secure the
water pipe mesh to the metal sheet over each individual tube. To further
ensure virtually ideal heat conduction between the pipes and the metal
sheet and to reduce heat transfer from the cold water to the air in the top

zone, glass wool insulation and aluminum sheeting were carefully placed
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over the pipes. An aluminum sheet initially reflected the majority of the
heat radiation it encountered since the surface that was facing down had a
relatively low emissivity rating. This surface's emissivity was raised to
(0.8) by using an acrylic matte spray to paint it. This value was
determined using surface measurements that matched thermographic
camera photos

glass wool
insulation

aluminum
sheet

copper pipe
matrix

aluminum
plate

e = \ 5 = . chilled ceiling
o e . ~ &

frame

Fig.(4-10) Bottom ceiling panel (aluminum sheeting , glass wool

insulation)

Cold water is produced using a vapor compression refrigerator with an
evaporator submerged in the water tank, as depicted in Fig. (4-11) . The
supply temperature can be regulated within a certain range by controlling
the refrigerator with an external signal. This on/off signal is produced by
a straightforward controller that is connected to the compressor using a
power contactor. The chilled ceiling specification is described in Table
(4-2).

Condenser
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a- condenser unit b-

evaporator unit

Fig.(4-11) Vapor compression refrigerator with an evaporator immersed

in the water tank.

Table(4-2) Detailed chilled ceiling specification

Chiller Model MT64-4VI
Manufacture Danfoss Co./France

Refrigeration gas F22

Panel four plates fixed at ceiling and cover about (80%)
of the ceiling area

Pipe main pipe at diameter (Y2 in) and (15m) length
branch pipe at diameter (*2 in) and (20m) length for
each plate in ceiling .
thermal conductivity (K= 390W/m.°C)
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Plate Dimensions of each plate (1.25 x 1.2) m , (Imm)
thickness
thermal conductivity (K= 237W/m.°C)
insulation ( glass wool) (K= 0.04W/m.°C)

4.2 Ventilation systems

Two systems (MV and PV) were used to ventilate the isolated office
room. The central control system regulates the supply air temperature for
the different cooling load . During the experiments, the MV air flow rate
was kept at (46 I/s) and the PV air supply rate is fixed at (5and7.5 I/s).
Fig.(4-12), Fig .(4-13) depicts the PV and MV air terminal devices.

4.2.1 Air supply device

Two ventilation devices were utilized in the experiment: mixing
ventilation, personalized ventilation. At (2.2m) high, the mixing station
was positioned at the top of the wall.The location of the mixing device,

which was inserted in the low level of the wall, as seen in Fig.(4-12).

Mixing ventilation

Fig.(4-12)Location of mixing devise

For (MV) system, air diffuser was manufactured in accordance with guide

of mixing ventilation air distribution design .The diffuser face is made of
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aluminum plate with dimensions of (37cm width and 42cm height) and
(100) holes with a diameter of (1.6 mm) on its surface, as illustrated in
Fig.(4-13). To guarantee consistent air distribution over the effective air
supply region, an aluminum plate with holes is covered with a metal mesh
with small holes, they are mounted to the wooden frame to create the
rectangle .To ensure that the cold air does not escape, all of the side vents
were covered. The upper side of the wooden frame has an entrance air
duct.

Sensor for air condition temperature

Fig.(4-13) Mixing ventilation

Air conditioning temperature controller type (elitech kibnt STC-
200+)

It is a universal and high-efficiency performance that has been used in the
cooling system used in the test chamber for temperature regulation. The
supply air temperature inside the tested room is controlled by sensors
installed in supply device for change supply air temperature (Ts) change
with varied the value of cooling load treated by mixing ventilation
(CLwmv).

Parameter set:
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The set condition is pressing the "set" button for more than (2 s), which
enters the user settings state, where the time setting indicator and digital

tube display the current temperature value,.

Temperature setting: in the user's Settings state, press the "A" or "V" keys
to adjust the temperature up or down. Each click the adjustment (1°C) ,
hold (2 s) above, to quickly adjust. Table.(4-3) shows all setting for

device

Table .(4-3) List for device settings

Setting item Paramater setting Default
range
Temperature differential -1°C-1°C 3 °C FO
setting

Compressor delay time 0-9 Minute 3 F1

Minutes
Temp lower limit setting -40 ° C Set -20°C F2

temerature
Temp upper limit setting 70 ° C Set temerature 20 °C F3
Mode optional 1: refrigeration 1 F4
2:heating 3: alarm

Temerature calibration -5 °C-5 °C 0 F5

Refrigeration mode:

* Reset the temperature difference relay and start the refrigeration process
when the compressor delay time or sensor temperature exceeds the

settings for either of those variables.

« When the sensor temperature drops below the predetermined level, the

relay is turned off, which stops the refrigeration process.

Dimensions and other technical details:

A-XCVIlI



Set

Appendix

e The machine measures 77.0 x 34.5 x 65.5 mm.

e The holes for attachment are 70.5 x 28.5 mm.

e The temperature range for operation is -5 to 60 °C.
e The temperature range for storage is -30 to 85 °C.

e The relative humidity fluctuates between 20% and 85%.

Air supply
diffuser

Ooff i A
Temp
| sensor |

Fig.(4-14) The temperature regulator installed on the MV

For (PV) system , air diffusers were manufactured according to the
recommendations for PV made in Melikov (2004) and Kaczmarczyk et al.
(2004) ,[81, 82]. the personal ventilation system comprises of an air
terminal device (ATD), an air intake section (suction fan), and flexible
connection tubes put before and after the fan, as well as individual flow

control. The air terminal device has (48) holes with a diameter of (1.5cm)
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spread equally and with similar dimensions over its surface area. Whereas
(the total number of holes divided by the total area of each hole). A
regulator controlled the amount of air absorbed by the fan. Personal
ventilation systems gather air from a height of 0.4 m and deliver it to the
seated person's breathing zone at a height of (1.1 m) as illustrated in Fig.
(4-15).

Fig.(4-15) Photo of thermal manikin with PV system
4.3 The experiment's protocol

1. All of the room's heat sources, (MV) and (PV) systems were turned
on.

2. The temperature and MV flow rate are set to keep the room at (25
°C).

3. To reduce body temperature asymmetry, the inlet temperature of
the PV supply was (3 °C) lower than the ambient temperature (25
°C) and the air flow rate was kept constant ,[82].

4. The valve that directs cold water from the chiller to the ceiling
pipes must be fully opened in order to switch on the (CC) system.

5. After performing the experiment for three hours, the room

temperatures stabilized, and the particle generator was turned on.
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6. Once the CO, emission sources were activated, they reached a

quasi-steady state in (3min).

4.3.1 The water pump and piping size

Pipe sizes are determined by two major elements (velocity of water
flow and friction loss). Erosion, noise, pumping, and installation costs all
limit pipe system maximum and minimum velocities. If the pipe is too
small, it creates excessive velocity, which causes noise, erosion, and
pumping costs. The size of the pipe must be chosen to avoid the effect of
high velocity and to decrease the initial cost, while if the pipe size is too
large, the installation cost appears,[13]. The chart published by ASHRAE
2009 is used to evaluate pressure loss in copper pipes, [83]. This chart is

suitable for water temperatures ranging from (15.5 to 93.3)°C.

The value of the pressure drop in copper pipes can be calculated using
Eq.(4-1)and table (4-4), which shows Pressure droop in copper pipes and
plastic pipes, depending on the piping system diagrams (fracture loss of

water in a copper pipe) , [84].

Table.(4-4) Pressure droop in copper pipes and plastic pipes

_ o Length | Diameter | mass flow | pressure
pipe and fitting
(m) (mm) rate (L/s) | loses (N/m?)
Copper pipe 60 m 12.5 0.039 6500
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Copper elbow 46 elbow - 0.039 455200
Copper main pipe 3m 14 0.156 7500
Total 469200

From computed total pressure loss in pipes and mass flow rate, the
minimum powerrequirement for the pump needed in this study can be

calculated by used, [84]:

P __ water flow rate X pressure
loss —

. (4-1)

water flow efficiency

By assuming the efficiency of water pump is (80%), then the pump power
is (98W).

4.4 Experimental conditions and assumptions

1. The temperature in the interior room is set at (25 °C).

2. The PV inlet temperature is set at (22 °C), and airflow is set at (5
I/s, 7.5 1/s).

3. The flow rate of MV is set at a constant value of (46 I/s).

4. The supply air for mixing ventilation is set at a constant flow rate
and velocity(46l/s , 2.5 m/s).

5. The flow rate of the chiller water supply in the main pipes is set at
(0.156 I/s) while the flow rate through each sub-circuit of the
chilled water system varies at ( 0.039 1/s) , at () varies from (25%
to 80%) .

6. In order to calculate the time required to achieve the usual
concentration measured outside the room, the initial CO,
concentration in the testing room at its maximum value is set at
(1000 ppm) for each value of.

7. The chilled water and air supply temperatures are adjusted based

on the cooling load eliminated by the chilled ceiling.
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4.5 Describe of cases study

The performance of two types of installed (CC/MVPV),(CC/MV)
systems were investigated in a steady state and under various operating
settings , then presented set of data on air age, CO, content, and air

temperature distribution .
4.5.1 Cases study

Eight different instances were tested for CC/MV and CC/MVPV
systems in this study. Exact details about the testing circumstances and

system functioning parameters are listed in Table.(4-5) ,(4-6).

4.5.1.1 Case-l (with CC/MV only)

This case includes four tests for each system at various cooling load
removal ratios using chilled ceilings (0%, 25%, 50%, and 80%). At a
constant air flow rate (46 L/s) and design room temperature, and the
supply air temperature (Ts) changing with varying cooling loads, the
value of the cooling load treated by mixing ventilation (CLwmy) can be
determined as indicated in Appendix-A.1. Table (4-5) presents the
operating conditions for each test in Case |, where (Ts, RHS, Tws, Twr,
Vus, and Tcc) are measured on the experimental days and adjusted based

on the cooling load eliminated by the chilled ceiling.

Table.(4-5) Operating conditions for (Case-I)

Case n CLmv Clcc Qmv Qrv Ts Os Tcc
(%) (W) (W) (L/s) | (Lis) | (°C) | (%) | (°C)
Case -| CCIMV 0 445 0 46 | - 17 | 89 0
Case -I CC/MV 25 333.75 111.25 46 | ----- 19 75 23
Case -I CC/MV 50 222.5 222.5 46 | ----- 21 65 21.39
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Case-l | ccmv | 80 | 89 | 356 | 46 | - | 23 | 58 | 1945 |

4.5.1.2 Case-I1 and Case-I11 ( with CC/MVPV system)

This case includes four tests for each system at various cooling load
removal ratios using chilled ceilings (such as 0%, 25%,, 50%, and 80%).
At a constant air flow rate (46 L/s) and design room temperature, the
supply air temperature (Ts) changes with the value of the cooling load

treated by mixing ventilation and personal ventilation (CC/MVPV).

PV-supplied air temperature and flow rate were set to (22 °C, 5 I/s, and
7.5 1/s) [25], which can be determined as indicated in Appendix-A.1.
Tables (4-6) present the operating conditions for each test in Case I,

where (Ts, RHs, Tws, Twr, Vs, and T¢) are measured on the experimental

day.
Table.(4-6) Operating conditions for( Case-11 and Case-111)
Case n CLmv Clcc Qmv Qpv Ts @s Tcc
(%) (W) (W) (Lis) | (L/s) | (°C) | (%) | (°C)
Case -II CC/MVPV 0 445 0 46 5 17 89 0
Case -l CCIMVPV | 25 333.75 111.25 46 5 19 75 23
Case -l CC/IMVPV | 50 222.5 222.5 46 5 21 65 | 21.39
Case -l CC/IMVPV | 80 89 356 46 5 23 58 | 19.45
Case-111 CC/MVPV 0 445 0 46 75 17 89 0
Case-lII CCIMVPV | 25 333.75 111.25 46 7.5 19 75 23
Case-lII CC/IMVPV | 50 222.5 222.5 46 7.5 21 65 | 21.39
Case-111 CC/MVPV | 80 89 356 46 75 23 58 | 19.45

4.5.2 Local air age measuring

The decay method was utilized in this study to calculate the mean age
of the air in the room using a tracer gas, and it is an important component
in determining the quality of ventilation and different ventilation

effectiveness indices: local air change index, air exchange efficiency, and
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temperature effectiveness,[85]. The principle of the decay method is
based on marking the air in the ventilated room with the tracer gas and
evaluating the time necessary to replace the marked air with unmarked air
(1SO 16000-8: 2007) ,[86].The tracer gas (CO,) was injected at a height
of (1.8) m in various points of the test room to improve mixing, and
minutes were allowed to pass to ensure thorough mixing. The minimum
flow rate and the duration of the(CO, )introduction were established in
compliance with the standard, [79] as a function of the volume of the
room. The presence of people in the test room is a carbon dioxide source,
so its concentration was recorded before the tracer gas introduction in
order to have a reference value for the mean age of the air calculation.
The tracer gas injection was halted after an acceptable concentration was
achieved. Each condition was tested, and all tests were performed a
minimum of three times. By recharging the chamber with tracer gas
numerous times for each condition and reanalyzing the decay, the

precision of the test procedure was determined.

Advantages of decay method ,[79]:

e It works best for sampling a single zone.

e A uniform initial tracer gas concentration in the space can be
created quite easily.

e Additionally, it's the easiest approach to monitor current ventilation
conditions. When the air exchange rate is less than 10 h* (ASTM
2001), the decay approach can be utilized .

e Fast, simple, economical and accurate method. Also, do not cause

any inconvenience, during working hours.

4.5.3 Measurement Locations Arrangement
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Three vertical instrument stands were used to measure the temperature
distribution in the test office room, which located in three different places
. Each stand has seven points for mounting the measuring instruments,
which are positioned at various heights (0.1, 0.4, 0.8, 1.1, 1.4, 1.8 and 2

m) from the room'’s floor as shown in Fig.(4-16).

The temperature, humidity and tracer gas concentration is measured the
manikin(at 1.1 and 1.8m for sit and stand occupant), at the supply air, and
at the exhaust air, while others represent the ambient air temperatures
around and above the seated manikin ,[65], the temperatures of supply air
from mixing and personal ventilation are likewise measured as well as
the exhaust air .The thermo-couples on the floor surface measure the
temperatures of the inner surface of the wall, the ceiling, and the floor.
The thermocouples, temperature recorder devices, CO, and humidity
measurement equipment were carried by the three stands to cover the

environment in the occupied zone.

As indicated in Fig. (4-17) instrument stands were placed in three
different places within the test room. The first poles (stand-1) in front of
the supply diffuser, while the second and third stands (stand-2 and stand-
3) are close to the thermal manikins. This strategy of instrument stand
distribution provides sufficient data to comprehend air characteristics and
pollutants concentration behavior in occupied zones and near people
,[65].
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a- photo of instruments stand b- schematic diagram of
instrument stand

Fig.(4-16) Distribution of the measurement devices on instruments stand
.46 Measurement Instruments

There were three basic systems for measuring devices:

1- Measurement system for air, walls, and chilled ceiling Surface
temperature.
2- Measurement system for CO, concentration and relative humidity.

3- Measurement system for water flow rate and air supply velocity.

4.6.1 Measurement system for air, walls, and chilled ceiling Surface

temperature.

This system is built around a set of K-type thermocouples that are
permanently installed in the test room. As shown in Figure (4-18), The K-
type thermocouple (Nickel Chromium/ Nickel Aluminum) coupled to
three data temperature recorder devices (BTM4208 SD) each with twelve
channels , which stores the observed temperatures in RAM which is
subsequently read by a computer.The temperatures are recorded in RAM,
which is subsequently read by a computer. Table(4-5) summarizes the
characteristics of the temperature recording device .The thermocouple's

calibration and uncertainty are shown in Appendix (B.1).

A-CVIlI



Appendix

K-type therm

(a) K-type thermocouples (b) recorder devices

Fig(4-18) K-type thermocouples with recorder

Table(4-7) Properties of temperature recorder device

Parameter Range Accuracy ,Resolution
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Type K thermcouple -100 to 1300 °C. 0.4% | 010
1
1 to 3600 seconds

thirty- four thermocouple sensors were distributed during experiment

tests:

nineteen sensors are installed on the sidewalls and the floor (ten sensors
for the walls , four sensors are attached to the chilled ceiling surface and
three sensors are attached to the exhausted grill of mixing ventilation and
personal ventilation, two sensors are attached in the front of BZ for each
manikin)as indicated in Fig. (4-19) .The average temperature of the three
thermocouple temperature records was used to calculate the temperature

of the chilled ceiling.

Fifteen sensors are installed on three vertical instruments poles to allow
vertical temperature dispersion in the tested room (each poles includes
five thermocouple sensors at various heights (0.1, 0.4, 1.1, 1.8, and 2.4m)
as indicated in Fig.(4-19).
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Location of thermocouj

Fig.(4-19) Locations of thermocouple fixed on (stands, PV, wall , MV,
CC, exhaust)

Temperature controller (STC-200): Controlling the temperature of the cooling
air in the tested room using a temperature sensor placed against the
mixing ventilation through the sensor as shown in Fig.(4-20). The
temperature is changed and reset at each cooling load.

Table(4-8) summarizes the characteristics of temperature controller.

The calibration of the flow meter device is shown in Appendix (B.2).
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Table(4-8) Properties of temperature controller (STC-
200)

Range of temperatures: -50 to 99 °C

Resolution: 1

Temperature controller (STC-200) | Precision for temperature control and measurement: +1 °C
Relay contacts have a (10 A at 250 VAC) capacity.

SCNSOor

i

Fig.(4-20) Locations of temperature controller fixed on MV

4.6.2 Measurement system for CO: concentration and relative

humidity.

Air quality has been evaluated using (CO, and humidity recorder
devices). Table(4-6) summarizes the characteristics of various devices.
All recorder data can be downloaded to the computer through USP cable
using special software that came with the device, the information is
organized in a table format (Excel). This device allows you to set the time
between each reading interval. In Appendix, you'll find the certificate of
compliance (B.3). Six CO, devices were installed throughout the room ,

at height of (1.1m, 1.7m ) were selected to represent possible presence of
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a sitting and standing person. As illustrated in Fig.(4-21) , these points are
classified into the following categories: (0.5, 1.1, 1.25m), (0.5, 1.8,
1.25m), (1.85, 1.1, 0.4m), (1.85, 1.8, 0.4m), (2.1, 1.1, 1.85m), (2.1, 1.8,
1.85m), (2.1, 1.8, 1.85m), (2.1, 1.8, 1.85m), (2.1, 1.8, 1.85m), (2.1, 1.8,
1.85m).

Table.(4-9) Properties of CO; and humidity recorder devices

Parameter Range Accuracy, Response time
Carbon Dioxide reading 0-9999 (ppm) +5 (ppm) ,10 sec
Humidity reading 0- 99.9 (%) +2 %

Reading
data

Reading time

€02 measuring read

Pressure reading

Humidity reading

(a) recorder devices
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~

CO2 and humidity reading
device

(b)installing the devices on the stands
Fig.(4-21) Recorder devices for CO, and relative humidity
4.6.3 Water flow rate and air supply velocity measurement system
4.6.3.1 Flow meter device

A flow meter( Platon type ) is a device that measures the amount of water
flowing through a pipe and delivered to the chilled ceiling. After the
water pump, the flow meter was connected to the main plastic pipe in a
series configuration. The required water flow rate for each value of is
adjusted using a control water valve(n).A flow meter is a device that
measures the amount of gas CO; flowing through a cylinder and delivered
to the person's nose . After the gas pump, the flow meter was connected
to the main plastic pipe in a series configuration. The required water flow
rate for each value of is adjusted using a control gas valve(n) as seen in

Fig. (4-22).

The calibration of the flow meter device is shown in Appendix (B.2).
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Fig.(4-22) Flow meter for gas Co,
4.6.3.2 Thermos-anemometer instrument

The temperature, air flow and velocity of the air supply were measured
using the (thermos-anemometer 8901) instrument, which was placed in
front of the air supply diffuser as illustrated in Fig (4-23). For air velocity,
the accuracy and resolution are (2% and 0.01m/s) respectively with a
response time of (1s). For air temperature, the accuracy and resolution are
(0.6°C) and 0.1 (°F/°C). This device is situated in front of the air supply
diffuser and waiting until the reading to reach steady state conditions for
the air velocity and temperature are measure. Table(4-10) summarizes the

characteristics of various devices.

Air supply diffuser

Air velocity |
record

Air temperature
record

rE3ER LN
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Fig.(4-23) Thermos-anemometer instrument
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Table.(4-10) Properties of flow meter and thermos-anemometer devices

flow meter Range (0-10L/min)
Accuracy (£1.25%).
Range (0.01m/s)
thermos-anemometer Accuracy +2%
(Velocity , Temperature) (x0.6°C)
response time (1s)
Resolution 0.1 (°F/°C.).

4.7 Measurements Procedures

1.

In all of the experiments work carried out in this research,
recording of measurement data after operating the system directly
and pollutant injection and begin attaining a stable condition(
approving the data recorded after approximately 3 hours) .

All the data from the objective measurements was recorded in the
same time .

Temperatures with height were measured at (34) points distribution
and varied locations in the occupied zone.

The relative humidity was measured at (six) points in the office
room

The decay approach was utilized to determine the local mean age
of air in the research state. The air age determines how long it takes
to register the concentration. The tracer gas was supposed to
behave similarly to air in this manner.

The carbon dioxide concentration was measured every (100 sec.)
starting at (1000 ppm) when the (CC/MV ,CC/MVPV) system
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attained steady state to observe the one-of-a-kind time to reach the
natural concentration supply via air diffuser (ambient
concentration). This approach ,[58] provides a good estimate of the
system's effectiveness in eliminating contaminants.

. To avoid errors, each parameter is measured three times.

. After collecting the appropriate trial findings, the thermal comfort
metrics such as temperature effectiveness, air temperature
distribution, (ADPI), (PMV), and (PPD) can be analyzed.
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Chapter Five
Results and Discussion

The experimental and numericall results were studied and discussed
of the chilled ceilings system with mixed ventilation and personal
ventilation (CC /MVPV) and compared them with mixed ventilation
ceilings (CC/MV) in an isolated office room and a meeting room located
in Iraq (Hilla City) in the summer (hot climate dry). To achieve the goals
of this research, this chapter was organized in three sections. In the first
section, the experimental results were discussed to perform each cooling
system and compared to the data provided within the test room. The
second section is to discuss the numerical results of the isolated test room
using (ANSYS AIRPAKk.3.0.16). The third section discusses the
numerical results of the meeting room analyzed using (ANSYS
AIRPAK.3.0.16).

5.1 Experimental Results

The study was conducted experimentally for a system of mixing
ventilation and personal ventilation with chilled ceilings in an isolated
office room in the months of (July, August and September / 2021), and
the ambient temperature at that time ranged between (40-45°C) in the city
of Hilla ,[106]. The work started in (June 2020), but the initial test was
conducted in (July 2021 ) month, due to the presence of many laboratory

problems during the laboratory experiments.

The proposed system (CC/MVPV) was compared with the system
(CC/MV). Four tests were performed for four different cooling loads
treated with a chilled ceiling of (0, 25, 50, and 80) %, with a total cooling
load of (26, 53, and 85) W/m? of floor area. The chilled ceiling surface
temperature ranged from (0 to 23, 21, 39, and 19)°C, and the supplied air
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temperature of the mixing ventilation from (17, 19, 21, and 23)°C at a
constant air flow rate of (46) I/s with PV air flow rates of (5 and 7.5) I/s
and an indoor room air temperature of (25°C). The mean age of air,
temperature distribution, (CO,) concentration, and thermal efficiency
with the best flow rate from the proposed system were determined, and
they related to mixing ventilation and chilled ceilings (CC/MV), which
were the four categories into which the experimental results were
subdivided. The results obtained after four hours since the operation of
the system (CC/MVPV) reaching the stable condition (i.e. in the
separation period between (1:00-2:30)pm. Primary measurement metrics

collected on experimental test days are listed in Table (5-1).

Table (5-1) The main measurement and operating parameters collected

during experimental tests.

Test day n Tay RH av Qr Ts Te Qcc Tws Twr Quws Tec
Case
%| (0 | W | W || (C) | W | (O | (O | (m¥h) | (C)
CC/MmV 10/7/2020 | O 25.3 54.3 445 17 | 2463 0 0 0 0 0
Case
| CC/MV 14/7/2020 | 25 | 2564 | 5465 | 333.75 | 19 | 2474 | 111.25 | 197 20.2 0.189 226
CC/MV 17/7/2020 | 50 | 2592 | 542 | 222.5 | 21 25 2225 17.2 179 0.266 20.3
CC/MmV 20/7/2020 | 80 | 26.26 | 56.8 89 23 255 356 164 | 1675 | 0.771 18.6
CC/MVPV_1 1/8/2020 | O 25 55.1 445 17 | 2444 0 0 0 0 0
Case CC/MVPV_1 | 10/8/2020 | 25 | 25.3 544 | 33375 | 19 245 | 111.25 | 197 20.2 0.189 226
I CC/MVPV_1 | 15/8/2020 | 50 | 25.61 | 54.7 | 222.5 | 21 | 2487 | 2225 17.2 179 0.266 20.3
CC/MVPV_1 | 22/8/2020 | 80 | 25.95 | 555 89 23 | 2535 356 164 | 16.75 | 0.771 18.6
CC/MVPV_2 1/9/2020 | O | 24.75 | 56.1 445 17 | 24.36 0 0 0 0 0
CC/MVPV_2 5/9/2020 | 25 | 25.15 | 549 | 33375 | 19 | 2448 | 111.25 | 197 20.2 0.189 226
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Case
I

CC/MVPV_2 | 11/9/2020

50

255

54

2225

21

24.9

222.5

17.2

179

0.266

20.3

CC/MVPV_2 | 20/9/2020

80

25.81

53

89

23

25.28

356

164

16.75

0.771

18.6

5.1.1 Local mean age of air results

A comparison was made between the studied systems, as shown in
the following forms. The highest local air values were measured in the
case of (CC/MV), as it noticed a noticeable decrease in the average
amount of air in the breathing area and the surroundings of the room,
which means that the air in the breathing area is renovated faster in the
case of using the PV system, which leads to an increase in the individual's
thermal comfort compared to case-1 (CC/MV). As a result, the use of the
(PV) reduces the age of air from( 440 to 482 s) to (336 to 347 s) at a rate
of (0 to 80%) when compared to the use of the (CC/MV), and the
decrease in the focus is primarily dependent on the location of the source
of pollution in relation to the person who is sitting or standing and on the
rate of air flow (PV), so we note that the local air age is less than in (case-

[11) compared to (cases | and I1)

Fig. (5-1) shows the relationship between average local air and the
height of three measuring stands with different loads (n: 0 %, 25 %, 50
%, and 80 %). The air age values were recorded at the breathing level of
a person sitting and standing for three thermal manikins using the
previously shown method of decomposition in Chapter 3. In the three
cases of different values (1), local air at the level (1.1 m) is higher than
the value at the level (1.8 m) due to increasing the distance from the air
supply distributor, where it is noted that the average age of the air
increases with the height and then returns to decrease near the devices

(ATD) for personal ventilation as well as air supplies (MV device).
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The air age in (measuring stand -2) is lower than in other parts of the
room (measuring stands 1 and 3), because the air in this region is hotter
(due to its proximity to heat sources in the room and its location in front
of the air distributor), resulting in an increase in air velocity, as Reese and
Evis [6] demonstrate. Because (measuring stand-1) is more vulnerable to
cold air from the supply, it has a high air speed, a low air age, and a high
concentration of pollutants in space. With the (CC/MV) system, the local
air age at (1.8 m) in (measuring stand-2) is (470 s) at (n = 80 %), while
with the (PV) system, it is (340 s). This result gives a good idea of the

effect of air supply distribution on the local age of air .

The relationship of mean air age with the different values of (1)
for three case studies. The effect of the chilled ceiling temperature is
visible as the average age of the air increases with increased coolant load
treated by the cooler ceiling with two airflow values. This result shows
the effect of the cold air movement down due to the thermal load of the
cooled ceiling and the effect of the height of the hot air, which leads to a
decrease in the speed of the air. In fact, the increased disorder increases
the effect of mixing, which increases the spread of pollutants from the
sources of carbon dioxide generation in the general climate as shown in
Fig(5-2).

Compared to other indoor parts of the room, the three people had
the least difference in the concentration of the air between the studied
systems and observed the highest carbon dioxide concentrations in the air
inhaled with the (CC/MV) system. When compared to the (CC/MV)
system, using (PV) airflow rates reduces local air temperature by (30-
38%) and (22-24%) at (n = 0 to 80%) .Also, the mean local air age is
decreased by 38% with a higher (PV) air flow rate of (5 to 7.5 I/s)
compared with (CC/MV).
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Fig.(5-3) shows the relationship between the average air age at
different breathing levels (1.1m and 1.8 m) for three case studies. The
average age of the air for each level of the office room increases with the
increase in the treated cooling load and the height of the chilled ceiling
(m), because the hot air rises from the lower area and the cold air descends
from the upper area after being cooled by the ceiling cooling due to
convection, resulting in a decrease in air velocity. The (IAQ) for
(CC/MVPV) was higher than for (CC/MV), according to (Table 5-
1).Thus, (PV) provides a higher (IAQ) when assisted by a (CC) system

with higher surface temperatures.

600

550 a- stand- 1
500
g 450
g 400
& 350
S 300
£ 250
200
150
100
1.1m 1.8m 1.1m 1.8m 1.1m 1.8 m
case-1 height(m) case-2 case-3
B n=25% mn=50% = nN=80% 0%
600 b- stand-2
550
500
; 450
: 400
2 350
§ 300
€ 250
200
150
100
1.1m 1.8m 1.1m 1.8m 1.1m 1.8 m
case-1 case-2 case-3
height(m)
En=25% mn=50% & n=80% 0%
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600 c-stand-3

550

500
;’ 450
: 400
2 350
§ 300
€ 250

200

150

100

1.1m 1.8m 1.1m 1.8m 1.1m 1.8 m
case-1 case-2 case-3
height(m)
B nN=25% mn=50% n=80% 0%

Fig.(5-1) Local mean age of air at heights (1.1m) and (1.8m) for three

instruments stands at varies values of (1) for three cases (case-1,ll and
).
500
a-atlevel 1.1m b- at level 1.8m
o 77*4 460 o
= 460 e ‘@ 440
® 440 %5 420
3 420 ©,400
&) 400 ® o0
g 380 7?,44—. % 4/./
£ 340 € 340 - S
320 320
300 T T T T T 1 300 T T T T T 1
20 30 40 50 60 70 80 20 30 40 50 60 70 80
n % n %
—o—Case-1 —m—Case- Il Case- Il Case-| Case-1l

Fig.(5-3) Mean age of air at levels (1.1m, and 1.8m) for different values
of (n) and three case studies (I, IT and III).

5.1.2 Air temperature distribution results

Figure 5-4 depicts the relationship between air temperature
distribution and various values of (n) for three cases and three tests. It is
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noted that the temperature increases with the height and with the increase
of (n), and that the average room temperature increases with the increase
in the temperature of the feeding air due to the decrease in the cooling
capacity of the air. As it passes through heat sources and moves upward
due to buoyancy effects, it returns to a low level near the breathing zone
(MV) due to the cold air currents coming from the personal ventilation
devices (ATD) as well as the air supply distributor (MV) device installed
above the room wall. The temperature difference from head to foot was
less than (2°C), which is within an acceptable range as defined by
ASHARE standards. It was noted that the lowest temperature inside the
room was at a level (0.1 m) above the room floor within the occupied area
due to the absence of this level of heat sources. The air enters from a
height of (0.4 m) to be supplied to the person's breathing area, and the air
outlet is below the diffuser at a height of (0.3 m) from the room floor. The
air exit velocity is higher than the air velocity.

In all case studies, the temperatures recorded in (stand-2) were lower
than those in stands (1 and 3), due to its proximity to the heat sources
inside the room and its location in front of the air distributor. (Stand-1)
also experienced higher temperatures because (Stand-3) is more
susceptible to the cold air coming from the diffuser. When comparing the
distribution of air temperature with room height between the three cases
(Case I, Case Il, and Case Ill), the distribution of air temperature with
height (at the three measuring mounts) using (CC/MVPV-2) (Case Il1) is
lower compared with (CC/MV) and (CC/MVPV-1) (Case I, Case ),
regardless of the value of the chilled ceiling (n), especially when
(measuring stand -2) is located in front of the air supply distributor as
shown in Fig. (5-5). It has been shown that when using the personal
ventilation system in cases Il and 111, the average room temperature will
decrease by (0.5 to 0.8°C) at a range of (0% to 80%) compared with (CC
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or MV), the temperature distribution will become more uniform, and this
will lead to improved thermal comfort. It is seen that increasing the air
flow rate of the (PV) system in (case Ill) for three stands results in a
decrease in temperature of (0.3-0.5 °C) at (n = 0 to 80%) , and a higher
air flow rate of the (PV) system prevents heat columns from the PCs from
reaching the breathing area. Then, at > 1.8 m, the air temperature is
affected by the temperature of the cooled ceiling, which leads to
convergence of air temperature values in the upper region of the three

cases.

Figs.(5-6) show the vertical air temperature difference (VATD)
between the head and ankle levels of a seated and standing person with
the chilled ceiling temperature for three cases. The chilled ceiling
temperature is inversely related to VATD (increasing the chilled ceiling
temperature means lowering the portion of the cooling load that is
handled by the chilled ceiling). In all three cases, the vertical air
temperature difference (VATD) for the seated and standing person was
between (1 and 0.6°C) and (0.7 and 0.4°C), respectively, at (n =0 to
80%), and these differences are considered to be less than the (2°C)

maximum allowed for the thermal environment [33].

The highest values for a seated and standing person were seen
between (1 and 0.7 °C) for a person standing with (CC/MV) . It is noted
that the values of the temperature difference between the head and feet of
the seated person decrease with the increase in the cooling load processed
by the cooled ceiling, as shown in Figs.(5-6). For the three consecutive
cases, the temperature difference between the seated person's head and
feet decreases by (0.6 to 0.4)°C with (CC/MVPV-2) between (n= 0 to
80%).This means that the temperature difference between the head and
feet levels is the lowest in the third case study when compared to the rest
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of the cases due to the ability of the (CC/MVPV-2) system to deliver cold

air faster to the human body.

According to ISO 7726 [35], the vertical distribution of air and globe

temperatures meets the requirements for uniformity at each measurement

site.
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Fig.(5-4) Distribution of air temperature with height at various values

of () for three measuring stands in three cases (I, I1, and IlI) .
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Fig.(5-5) Distribution of air temperature with height at various values

of (n) for three measuring stands .
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Fig.(5-6) Vertical air temperature difference profiles for sitting and

standing person

Fig.(5-7) shows the relationship between the temperature of the
cooled ceilings (Tcc) and the effectiveness of heat removal (g;) in three
cases, where it was found that the temperature of the cooled ceilings
increases with the increase in the cooling load treated by the cooled
ceilings, and this leads to a decrease in the exhaust air temperature and
then a decrease in the effectiveness of air temperature distribution
according to equation (3-38). Effectiveness of heat removal (&) describes
the efficiency of the studied systems in removing heat inside the office
room. In all cases and at each value (Tcc), the indicators of heat removal
using (PV) for (case-1l and case-lll)were higher than those of (CC/MV)
system (case-1). This means that the use of (PV) increases the exhaust

temperature and speeds up the delivery of cold air to the human body and
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prevents tall thermal columns from reaching people. Where the values of
the heat removal index ranged between (0.91 to 0.76 ), (0.93 to 0.79) at
(Tec = 0 °C to 19 °C) in the (case-l and case-111 ). The higher (PV) air
flow rates led to an improvement in the heat removal index in (case-lIl)
by (0.95-0.81) at (Tcc = 0 °C and 19 °C) than in the (case-II ).
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Fig.(5-7) Heat removal effectiveness profiles with (T¢c) for three case

studies

5-1-3 Carbon dioxide decay results

Fig. (5-8) shows the results of measurements of average CO;
concentrations over time at the breathing level of a seated and standing
person (1.1 and 1.8 meters, respectively), with differing values (n) for
three cases. All eight tests show differences in carbon dioxide
concentration. Compared with (CC/MV), the time required to remove
carbon dioxide from the office room was reduced by up to twice as much
with the presence of the PV system (cases two and three). In addition, the

(CO,) concentration was (2.2—-2.5) times lower with (PV) systems than

A-CXXXII



Appendix

with (CC/MV) systems at the respiratory level of the standing person and
at the exhaust level. In addition, the (CO,) concentration was (1 to 1.5)
times lower and the (PV) flow rate was higher in(case Ill) than in (case

I1) at the breathing level of the seated and standing persons.

At the time, the carbon dioxide concentration ranged between (1000 and
700) ppm for three cases: (0 to 420 s), (0 to 250 s), and (0 to 180 s).
During this time period, the cooling load value (n) had little effect on the
decomposition of CO, concentration. This delay in (CO;) removal
increases the time it takes for fresh air to reach the breathing area (1.1 m).
As the cooling load treated by the cooled ceiling increases over time, the
concentration gradually decreases until it reaches the fresh air supply
concentration. Air flows into the room area, and the carbon dioxide

concentration decreases with time.

It is clear in Section 5.1.1 that the increase in the value of leads to a
decrease in the temperature of the chilled ceiling and then a decrease in
the air temperature by convection and movement to the bottom of the
room, which hinders the removal of air from the exhaust and reduces the
removal of carbon dioxide. For the three case studies, the maximum time
required to remove (CO,) from space is reached at (n = 80%) in each
measurement holder, as shown in Fig. (5-8), clarifying the variation in
CO;, concentration with office room height for the three cases at (n = 0%,
25%, 50%, and 80%), respectively.

The (CO,) concentration at altitude (1.8 m) is approximately greater (10
to 65 ppm) than the concentration at altitude (1.1 m), with load values (n)
between (0 and 25%) for the two scenarios because the clean air reaches
the (1.1 m) level first. While the difference in concentration between the

two levels of the breathing zone (1.1 m and 1.8 m) may diminish at
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(m=80%), this is due to the cold air in the upper zone as a result of the

lower ceiling temperature.

At any value of (n), the removal of carbon dioxide using the third case is

faster by about (40 ppm/s) than using the second case. The reason is that

increasing the flow rate leads to faster diffusion of new air and shortens

the time required to remove carbon dioxi
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Fig.(5-8) Average CO, concentration over time at breathing levels for
sitting and standing person (1.1m and 1.8m) for the three cases at
different (n)

5-1-4 Occupied density and occupant air exchange efficiency

The effectiveness of air exchange takes into account the fact that air
has a variety of effects on ventilation. The impact is greater if the
population is larger or stays longer. The occupant air exchange efficiency,
which considers the spatio-temporal distributions of inhabitants, is able to
provide a more accurate indication of the air quality in a space than
conventional air exchange efficiency, which deals with the impact of air
flow at various locations uniformly. To gauge a room's degree of thermal

comfort, a similar concept can be used.

In all case studies, the longer people stay in the room, the less efficient
the air change is for the occupants, which means if the residents stay

longer or there are more of them, the effect is greater, as shown in
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Figs.(5-9). In all cases, the efficiency of air exchange for occupants is
higher than the efficiency of air exchange, and this means that fresh air
replaces the air in the well of the occupied area, which leads to an
improvement in air quality. Also, the longer the visiting person (the
standing person) stays in the room, the less efficient the air change will be
for the passengers due to the low rate of ventilation. This means that
occupant air exchange efficiency better refers to room air conditions than
standard air exchange efficiency, which addresses the effect of air flow at
different locations in the same way to determine the room's thermal
comfort level as mentioned in cases (Il and I11). As a result, increasing the
(PV) air flow rate increases air exchange efficiency, which raises
occupant air exchange efficiency in (case Ill) from (6.5 to 11.53 %)

when compared to (case I1).

The overall ventilation effect can be analyzed more comprehensively
by using the passenger air exchange efficiency. As a result, the efficiency
of air exchange for passengers increases in (cases Il and I11) from (22.25
to 25.11 %) and from (30.2 to 39.16 %) , respectively, when compared to
(CC/MV), implying that personal ventilation improves air exchange
efficiency and determines the level of comfort inside the room due to its

unique characteristics.

Due to the low aeration rate, the results showed a high efficiency of air
exchange (9 ACH). The air exchange efficiency of the inhabitants is
higher than the air exchange efficiency due to the larger weight of the
persons inhabiting the space. The findings demonstrate that the criteria
for assessing the impact of ventilation can be improved by using the
updated air exchange efficiency. In any other case, a system created to

enhance indoor air quality may be useful.
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Fig. (5-10) shows the relationship of air exchange efficiency for
occupants (np) with different load values of (n) for the three case studies,
where it was found that the temperature of the cooled ceilings increases
with the increase in the cooling load treated by the cooled ceilings, and
this leads to an increase in the age of the air and then a decrease in the

efficiency of air exchange.

In all cases with the (PV) system, the air exchange efficiency for
occupants (np) was higher than the (CC/MV) system by (0.22 to 24.4%),
and (32 to 38.7% )at (n = 0 to 80%) as a result of reducing the mean air
age up to (30 to 38% )at (n = 0 to 80%) at a seated and standing person
breathing level. The air exchange efficiency (na, mp) increases with a
decline in average air age and an increase in PV air flow rate. According
to Fig.(5-9) the highest air exchange efficiency (ma, Mp) Vvalues in
(CC/IMVPV-2) are (70 to 67.5%), (99 to 90.25%) at (n = 0 to 80%), and
with the air flow rate (7.5 I/s). In order to protect residents from direct
pollution in the BZ and in the local microclimate, a flow rate of (7.5 I/s) is

the optimum choice.
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Fig.(5-9) Relationship between air exchange efficiency and occupant air
exchange at different times
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Fig.(5-10) Relationship between different values of (n) and occupant air

exchange at different times.
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5.2 Numerical Results
5.2.1 Validation of AIRPAK software

The results of the AIRPAK program for the three systems
(CC/PVMV, CC/MV) were validated by an experimental study conducted
by Lipczynska et al. [6]. in two office rooms and compared with the
numerical results (with the k-RNG turbulence model). To determine the
success of the (CFD) model in predicting the temperature of an area
around an occupant, experimental results based on average values of
vertical temperature gradients in that area and a ventilation effectiveness
index were used as the basis for validation (IAQ). The climatic chamber
(4.12 x 4.2 x 2.89 m), which was constructed to seem like an office with
two workstations, was used for the experiments. The room had personal
ventilation (PV) on each desk, a chilled ceiling, and mixing ventilation
(MV,CC) and covered (75%) of its surface area. The office temperature
was set to (26 and 28)°C, and when (PV/MV) was used, it was set to (25
°C, 7.5 1/s); (MV), the supply air temperature was (16°C), and the total
heat load for the two rooms was (72, 66) W/m?. The experimental and
numerical results were found to be in good agreement, with a maximum
relative error of (5.04%) obtained at a height of (2 m) and a maximum

relative error of (4.53%) for the abdomen region as listed in Fig. (5-11).
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Fig.(5-11)Validation of the AIRPAK software with experimental data.

5.2.2 Numerical results of insulated office room for three case studies

Three case studies were designed for a thermally insulated office
room using ANSYS AIRPAK software, where each case is separated into
four tests based on the proportion of cooling load taken up by the chilled
ceiling as mentioned in Chapter 4, Section (4.4). The boundary conditions
for the numerical analysis were obtained based on the results of the
numerical study. A numerical analysis was performed to provide more
results on the assessment of thermal comfort and air age characteristics
for the three cases in a thermally insulated office room using AIRPAK
software .The main numerical results for insulated office (case-I, Il and
1) .

Table(5-2)Main numerical results for insulated office room (case-I, 1l and

1)

Case n Tav Vav MRT | RHa ADP PPp PMV | VATD na &t
() | (%) (%)
% | (°C) | (mh) (%6) °C)
0 2425 | 0.142 255 57.2 59 17 0.74 0.8 60.25 | 0.925
Czlise 25 24.5 0.139 25.7 55.9 88.1 15.6 0.72 0.7 5772 | 0.88
50 24.8 0.133 25.8 55.7 86.5 15.2 0.66 0.63 56 0.827
80 | 2525 | 0.127 26.1 54.4 85.3 15 0.63 0.52 54 0.782
0 24 0.147 24.5 59 60 16.5 0.64 0.71 73 0.943
Case 25 | 2431 | 0.154 24.8 58.1 86.8 16.3 0.61 0.6 71 0.89
1 50 | 24.62 | 0.150 25.6 55.6 88.9 16 0.62 0.53 69 0.85
80 25 0.133 25.8 55.2 87.6 14.6 0.59 0.41 67.15 | 0.806
0 23.75 | 0.154 24.2 57.3 63 14 0.55 0.63 75.36 | 0.965
Case 25 | 2412 | 0.160 245 57.9 91.2 13.8 0.5 0.5 74.17 | 0.912
i 50 245 0.158 25.2 58.2 89.9 13.4 | 0.49 0.42 73 0.878
80 | 2481 | 0.138 255 55.62 | 88.92 123 | 0.44 0.3 7211 | 0.834
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Fig.(5-12) displays numerically the contours of the mean local air age
distribution of the insulated office room at different values of (1) for three
cases at plane (z =1.25 m). This plane passes through the air supply
diffuser and the human body. In the air supply diffuser, the age of air
starts from zero and increases in the indoor area. The age of air increases
with the height of the room and reaches its maximum above the diffuser
location, which means that low air movement in this area leads to
increased pollutants and discomfort to the occupants. Because of the
exchange of hot air rising to the top and cold air coming from the chilled
ceiling, the air temperature rises as the value of rises. It is noted that the
increase in air velocity around the human body caused a decrease in the
life of the air in this region as a result of the increase in air temperature

caused by convection near the heat sources (person and computer).

The average air age values in each level of the office room increase
with an increase in the processed cooling load from the chilled ceiling
because the hot air rises from the lower area and the cold air descends
from the upper area after it is cooled by the coolers due to the thermal
load, which leads to a decrease in the speed of the air. Despite the fact
that the air flow was constant in each test, the (IAQ) was higher for
(CC/MVPV) than (CC/MV) .As a result, when the surface temperature of
(PV) is higher, it provides the best (IAQ) .As a result of the use of (PV),
the percentage of air age drops below a value of (0.34 %) . With the
lowest PV air flow rate of (5 I/s) (as in CC/MVPV-2), compared with the
(CC/MV) system, the probability of the mean age of the air was reduced
by 25%. Higher (PV) airflow rates resulted in a (14%) improvement in
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occupant protection from cross infection. According to Table (5-2), the
(CC/MVPV) system produced better (IAQ) than the (CC/MV) system.

Plane at Z=1.25

~ Mean age of air ean age of air s"“ age of air
s

S

408.279 361.410 321.647
357.244 316.234 286,691
306.209 271.058 25,735
— 255,174 225.881 — 204,779
204140 180,705 163,624
153105 135,529 122,868
— 102.070 90.3525 81.9117
51,0349 £5.1763 409559
0.000000 0.000000 0.000000
Case-I Case-II Case-llI

a-n=0 %
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ean age of air
§

125951 364465 336.762
33562 310907 294,667
320213 39 252571
266,644 21791 210,476
213476 102.0% 166.381
160107 136,674 126.266
106,738 91,1162 84,1905
53.3669 15,5501 420953
0.000000 0000000 0.000000
Case-I Case-ll Case-ll1
b- n=25%
Mean age of air
g eanage ol Msean age of air
439.206 i 340,022
384.305 ) 297,519
329.404 278700 256,017
274504 230,251 212514
219,603 185,001 170,01
164,702 139,351 127,508
109.802 92,9005 86,0055
54,9008 64502 2501
0.000000 0.000000 0.000000
Case-I Case-ll Case-ll1

c- n=50%
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Fig.(5-12) Contours of mean age of air in plane (z =1.25m) with different values of (n) for

the three case studies.

Fig. (5-13) shows the relationship of the efficiency of air exchange
(ma) with a different value of (n) under three cases, where it was found
that the temperature of the cooled ceilings increases with the increase in
the cooling load treated by the cooled ceilings, and this leads to an
increase in the age of the air and then a decrease in the efficiency of air
exchange.

Air exchange efficiency (n,) describes how well the ventilation
system delivers fresh air to the level of breathing. In all cases with PV,
the air exchange efficiency (m.) was higher than that of (CC/MV) by
(0.24 to 0.3%) at (n=0 to 80%). Compared with (CC/MV), (PV) in the
thermal dwarf produced higher air quality indices. Through the use of
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(PV), the mean age of the air was reduced by up to (0.23 to 0.3),(0.22 to
0.29) at (n=0 to 80%) when compared with (CC/MV) at the sitting and
standing person's breathing level. All of the systems checked gave the
room a good deal of mixing. The efficiency of air exchange increases
with the decrease in the average age of the air and the increase in the (PV)
air flow rate. So the highest value (n,) in (CC/MVPV) system by (75 to
72%) at (m =0 to 80%) at air flow rate (7.5 I/s) as shown in Fig. (5-13). As
a result, air flow rate (7.5 I/s) is the best option to protect occupants from
direct pollution in the (BZ) area and in the surrounding microclimate as
listed in Table (5-2), using this average flow rate for optimum comfort
and ventilation effectiveness .
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Fig.(5-13) Air exchange efficiency (n,) profiles at (1.1m and 1.8m) levels

for different values of () under three cases

Fig (5-14) shows the distribution level of air velocity vectors in a
thermally insulated office room is shown numerically at the level (z =
1.25 m) for the three cases, where high air velocity values are produced
from a rectangular (MV) diffuser that supplies air, it is installed in the
upper part of the room wall (it is located in the middle of the south wall
(0.3 m) below the ceiling), where the air enters with a high speed and
momentum, (the air velocity inside is 2.5 m / s), and the cool fresh air

from the diffuser mixes with the hot air as a result of gaining Heat from

A-CXLVII




Appendix

people, computers, etc., and this leads to an increase in the speed of air
circulation in the room, which is evident in the area near and above heat
sources (at a height of 1.1m). Air is expelled through the air outlet under
the distributor (at a height of (0.3 m) from the floor of the room), due to
the small size (exhaust grille) compared to the air supply area, the air
outlet velocity is higher than inlet velocity (diffuser hole) As the air
velocity decreases, the air velocity decreases in the area above the air
supply diffuser and this leads to an increase in mean age of air in this

area.

The vertical profiles of air velocity were consistent across all sites at
different heights and in all cases. The highest air velocity recorded in all
studied cases was between the manikin and the door wall, at a height of
one foot (0.05 to 0.1m) as shown in Fig.(5-14). As shown in the
visualization of the air velocity vector of the turbulent model, the middle
section of the chamber acts as a separation point for the flow, after a
small piece of backflow hits the opposite wall and flows downward, a
larger portion of the flow is exhausted and the remaining portion heads
upwards towards the ceiling and the room's circulation area is created in
the middle with the movement it generates. Warm air exits the tested area
through the exhaust grille, which results in a clockwise rotation and flow
close to the objects because cold air has a greater density than hot air. The
air velocity was often more uniform due to the air grille and the exhaust

grill being on the same side so the air velocity was often more uniform.

The numerical results show a relationship between air velocity, air
age and temperature, so that increasing the air supply velocity (ATD)
lowers the temperature in the breathing area and lowers the average room
temperature and shortens the age span of the air in the room although the

increase in air velocity should not cause any inconvenience to the
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occupants of the space if the air velocity remains lower than (0.25 m /s).
The lowest values of the average air velocity in the occupied area
appeared in the case (CC / MV), this means that the use of (PV) led to an
increase in air velocity and a significant decrease in the average air life in
the breathing area and the perimeter of the room Which means that the air

in the breathing area is replenished faster than it is (without using)

e’ Speed
RO 0.372217
2 0.325690
0.279163
1l024 0.232636
1.20060 | 0.186109
0.900446 0.139581
0,600298 0.0930543
0.300149 0.0465271
0.000000 — 0.000000

0.538098
0.470836
r— 0.403573
— 0.336311
0.269049
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0.134524
0.0672622
0.000000
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Fig(5-14) The contours of velocity at different () for three cases at

(z=1.25m).

Air temperature distribution profiles with different (n) at (z =1.25)

in the test chamber are shown in Fig.(5-15). It is noted that the effect of

the cold air supply coming from the distributor located at the top of the

room wall leads to the ceiling temperature being cooler than the room

floor temperature. Due to the arrival of cold air streams from the personal

A-CL



Appendix

ventilation devices (ATD) as well as the air supply diffuser, the air
temperature begins to rise and then gradually decreases near the (MV
device).The temperature difference between the head and the feet is less
than (2°C), which is within the permissible range of ASHRAE standards.

When the air flow rate is increased, the average room temperature in
the breathing area decreases and the increase in air velocity within the
breathing area leads to a decrease in the overall room temperature as
shown in Fig. (5-15).

The highest constant temperature values for a person sitting and
standing (CC / MV) appeared, as well as the irregular distribution of
temperature over parts of the entire body, such as the air temperature in
the breathing area and lower parts of the body. The body rises while it
decreases in the upper parts of the body. Therefore, the use of
photovoltaic cells results in a cooling of the whole body and reduces the
differences between the head and ankle compared to the case (CC / MV).
Parts of the upper body (CC) are cooled due to increased radiation. It is
noted that when (PV) is increased from (51/sto 7.51/5s), (25% to 50%),
the air temperature near the head decreases at (1.8 m) .This is due to the
increased rate of supply of fresh air which provides more cooling .
Therefore, the breathing zone in the case of (CC / MVPV) is
characterized by a decrease in temperature with a good rise in the

permissible air velocity within the recommended thermal comfort.
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Fig.(5-15) The contours of air temperature distribution at different (1) for

three cases at (z=1.25m)
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Figs.(5-16) and (5-17) show relative air quality profiles, and
thermal comfort indices (PMV and PPD) with different values (n) for
three cases. It is noted in all cases that as the value of (1) increases, the
(PMV and PPD) values decrease and converge with the comfort values
defined by the (ASHRAE 2017) standard (-0.5 PMV 0.5 and PPD =
10%), due to increased heat loss from the body as a result of a decrease in
the surface temperature of the radiator , which enhances radiative heat
transfer between heat sources and the ceiling wall. In all cases it was
seen that the values of (PMV and PPD) decreased from (0.25 to
0.30),(0.33% to 0.36%) with the (CC/MVPV) (case-Il, case-Ill)
compared to the (CC/MV) system (case-I), at (n=0 to 80 % ) , which
means that the introduction of cool (PV) air at warmer temperatures led to
heat attenuation and improved thermal comfort than in (case I). The
values of (PMV and PPD) decrease with the increase of the air flow rate
from (0.2 to 0.34), (0.19% to 0.24%) at(n = 0 to 80%) in two cases
(case-Il,and case-11l) , which means that the increase in the (PV) air flow
rate leads to an increase in the turbulence near the person as well as the
heat loss from the upper parts of the body caused by the (CC), which It
leads to improved comfort and this can be seen in Figs.(5-16)and (5-17).

Fig.(5-18) shows results of (ADPI) analyses at different value of
(Tec) for the three cases (case-1, case-1l and case-l1l) performed
according to (ASHRAE 2017) . For all cases analyzed, ADPI achieves
values greater than (80%), which is above the minimum values (ADPI)
recommended by the ASHRAE standard for good indoor air mixing. It is
noted in all cases that with an increase in the value of (1), the values of
(ADPI) increase and this means that when the convection is removed
from the cooled ceilings, it leads to better thermal comfort. Values of
(ADPI) go down with system (CC/MV) so that use of (PV) in the
(CCMV/PV) system for both airflow rate (5 I/s, 7.5 I/s) resulted in a
higher (IAQ) in (BZ) due to continuous cleaning and mitigation of
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pollutants. This study shows that (PV) is able to create a uniform thermal
environment and good air quality in the occupied area when combined
with (CC) and may be higher than conventional (CC/MV).
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Fig.(5-16) Illustration of the (PMV) at varies () for three cases
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Fig.(5-18) (ADPI) profile with temperature of chilled ceiling (Tcc) for
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5.2.3 Occupied density and occupant air exchange efficiency

All studied cases demonstrate that the updated air exchange
efficiency can be used to improve the ventilation effect assessment
criterion. Otherwise, a system designed to improve indoor air quality can
be useful. In all cases, the longer people stay in the room, the less air
changes the occupants, as shown in Fig. (5-19). The overall ventilation
effect can be analyzed more comprehensively using passenger air
exchange efficiency. Therefore, the efficiency of air exchange for
passengers increases in cases (case-ll and case-Il1) from (13 to 20%),
(18.3 to 26.2%) at (n= 0 to 80%) compared with (CC / MV) (case-I), this
means that personal ventilation improves the efficiency of air exchange
air and determine the level of comfort inside the room as a result of its
unique characteristics due to the low rate of ventilation, the results
showed a high efficiency of air exchange (9 ACH). However, because the
weight of the occupied density inside the room is higher, the occupant air
exchange efficiency is higher than the air exchange efficiency. In all
cases, the efficiency of air change for passengers increases with the
increase in the (PV) air flow rate. This means that fresh air replaces the
air in the well of the occupied area faster, which leads to an improvement
in air quality. As in the (case-lll) , the efficiency of air exchange for
occupants (np) increased by (3 to 5.4%) at (n=0 to 80%) compared with

(case-II).

Fig.(5-20) shows the relationship of air exchange efficiency for
occupants (np) with a different value (1) under the three cases, where it
was found that the temperature of the cooled ceilings increases with the
increase in the cooling load treated by the chilled ceilings, and this leads
to an increase in the age of the air and then a decrease in the efficiency of

air exchange.
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In all cases with (PV), the air exchange efficiency for occupants
(np) was higher than (CC/MV) system by (22.25 to 25.11%), (30.2 to
39.16) at (n = 0 to 80%) compared with the (CC / MV) system as a result
of reducing the mean air age up to (0.23 to 0.3),(0.22 to 0.29) at (n =0 to
80%) compared to (CC/MV) at a seated and standing person breathing
level. The air exchange efficiency (n,, np) increases with the decrease in
the average air age and the increase in the (PV) air flow rate. So the
highest value air exchange efficiency (n., np) in (CC / MVPV-2) by (75
to 729%),(99.5 to 93%) at (n = 0 to 80%) at the air flow rate (7.5 1/ sec)
as shown in Fig. (5-20). As a result, flow rate (7.5 I/s) is the best option
for protecting occupants from direct pollution in the (BZ) and in the

surrounding microclimate .
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Fig.(5-19) Relationship between of air exchange efficiency and occupant

air exchange at four times in three cases (case-1,l1, and I11)
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Fig.(5-20) Relationship between of different values of () and occupant

air exchange at four time in three cases(case-1,11, and I11)

5.3 Comparison Between Experimental and Numerical Results

The difference between the experiments measured results and those
predicted by the (CFD) model occurs due to various reasons, including
unexpected fluctuations in nature that lead to error during meter readings,
irregularities in the temperature and speed of the air supply to the

diffuser, and common defects in the operation of the (CFD) software.

The discrepancy between experimental and numerical results can be
caused by a variety of factors, including measurement errors,
irregularities in the temperature and speed of the air supply to the

diffuser, and common defects in the operation of (CFD) software.

The three experiments determined parameters such as (local air
age, temperature distribution with altitude, and CO, removal over time)

for the tested office room on three measurement stands were used to
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calculate the average percentage error between experimental and

numerical results according to Eq.(3-12).
5.3.1 Average percentage error for the local mean air age (LMA)

The average percentage error was determined in six points on three
measurement stands with varying values of cooling load treated by
chilled ceiling (n =0, 25, 50, and 80%) within the tested office room and
each holder had two points at the breathing zone height (1.1 m and 1.8 m)
for the seated and standing person for three cases as shown in Figs. (5-21)
to (5-23) .The (LMA) distribution average percentage error between

experimental and numerical data is obtained by using Eqn (3-12).

The percentage error between the experimental and numerical values
in all cases was reasonable due to the irregularity of the air supply
velocity and the (CO,) supply from the diffusers, which was used to

measure the local air age using the atomization method.

In Table (5-3), the percentage average error for the three cases are shown

for various values of (n) ( four tests in each case with (n =0, 25, 50, and
80%))

Table(5-3) Percentage average error between experimental and numerical

results

for local air age in the three cases at different value of (n)

Case Test " Average error %
%
test -1 0 + 13.29
test -2 25 +11.54
case - |
test -3 50 +12.3
test -4 80 +10.54
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test -5 0 +13
test -6 25 +11.26
case - 11
test -7 50 +11.09
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Fig.(5-21) Comparison between experimental and numerical results for (LMA) at different

value of () for thee measurement stands in (Case-I) at high (1.1m and 1.8m).
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Fig.(5-22) Comparison between experimental and numerical results for (LMA)

at different value of () for thee measurement stands in (Case-11) at high (1.1m

and 1.8m).
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Fig.(5-23) Comparison between experimental and numerical results for (LMA)
at different value of (n) for thee measurement stands in (Case-I11) at high (1.1m
and 1.8).
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5.3.2 Average percentage error for the temperature distribution

twenty one points on three measurement stands with varying values
of cooling load treated by chilled ceiling (n =0, 25, 50, and 80%) were
used within the office room and each holder had seven points at height
(0.1,0.4,0.8, 1.1,1.4,1.8 and 2.4m) for the three cases as shown in Figs.
(5-24) to (5-26) .The temperature distribution average percentage error
between experimental and numerical data is obtained by using Egn (3-
12).

The percentage error between the experimental and numerical values
in all cases was reasonable due to the irregularity in air supply velocity
and temperature by supply diffuser. In Table (5-4), the percentage
average error for the three cases are shown for various values of () ( four

tests in each case with (n =0, 25, 50, and 80%)) .

Table(5-4) Percentage average error between experimental and numerical

results for temperature distribution in the three cases at different values of

Q)

n Average
Case Test
% error %
test -1 0 +5.21
test -2 25 +4.56
case - | test -3 50 +5
test -4 80 +4.5
test -5 0 +4.38
test -6 25 +4.12
case - 11
test -7 50 +4.08
test -8 80 +4.14
test -9 0 +4.21
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5.3.3 Average percentage error for carbon dioxide decay

Six points on three measurement stands with varying values of
cooling load treated by chilled ceiling (n =0, 25, 50, and 80%) were used
within the office room and each holder had two points on the breathing
area height (1.1 m and 1.8 m) for the seated and standing person as shown
in Figs. (5-27) to (5-29) .The (CO,) distribution average percentage error
between experimental and numerical data is obtained by using Eqn (3-
12). In Table (5-5), the percentage average error for the three cases are

shown for various values of (n) ( four tests in each case with (n =0, 25,

50, and 80%))

Table(5-5) Percentage average error between experimental and numerical

results for Co, decay with time in the three cases at different value of (1)
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5.4 Numerical Results for Meeting Room (Case-1V and V)

A meeting room with eight occupants under Hilla City (lraq)

climate at maximum summer temperature (47°C) was simulated using the

(CC/MVPV) system and compared with the chilled ceiling and mixing
ventilation (CCMV) by using AIRPAK software. The (CFD) model was

used to evaluate the mean air age, temperature distribution, carbon
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dioxide concentration and thermal efficiency using AIRPAK software.
Four tests were conducted for four different cooling load conditions
treated with a chilled ceiling (0, 25, 50, 80%) with a total cooling load of
(33, 66.17 and 105.8) W/m? of floor area. The cooled ceiling surface
temperature ranged between (0, 23, 21.39, 19)°C and the air temperature
with mixing ventilation (17,19, 21, 23) °C at a constant supply air flow
rate (240 1/s) with a PV air flow rate (7.5 I/s), and the room air
temperature (25°C). The cases are designed according to the
recommendations of the EN 15251 standard for indoor climates of
conditions,. The operating conditions and main results parameters of two

systems are listed in Table (5-6).

Table (5-6) Main numerical results for meeting room (case-1V and V)

ADPI | PPD a
Case | | | Tw | Va | RHa PMV | VATD | ™ | &

b (%) | (%) o | ()

% | °C) | (mls) | (%) (°C)

Case 0 23.45 0.155 61 51 18 0.72 0.71 63.5 0.953
v 25 234 0.158 60.3 60.12 15.35 0.62 0.6 60.6 0.92
50 23.71 0.15 57.25 62.45 15.07 0.59 05 575 0.88
80 24.19 0.141 59 68 12.93 0.47 0.42 55.8 0.84
0 22.8 0.17 65 56 15.4 0.5 0.6 7745 | 0.978
Case [ 25 | 2316 | 0.165 62 64.3 13.3 0.45 05 75.7 | 0.943
vV 50 234 0.16 61.2 69.5 12.9 0.4 0.4 745 0.895
80 23.75 0.149 57.3 75 10.05 0.31 0.31 69 0.864

5.4.1 Mean air age and air exchange efficiency results

Fig. (5-30) show lines of average age of air distribution in an non-
isolated meeting room for two cases (z = 2.25m) passing through the air
distributor and the meeting attendees sitting at the same desk and
connected to the non-isolated north and south walls with different values
of (n). The average age of air is found to decrease with height. The
highest values for the average age of air in the occupied area appeared in
the case (CC/MV), this means that the use of (PV) led to a significant
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decrease in the average age of air in the breathing area and the periphery
of the room (0.22 to 0.26%) at (n= 0 to 80%) compared with (CC/MV) ,
which means that the air in the breathing area is regenerated faster than it
IS (when the (PV) system is not used) which results in greater thermal

comfort for the individual compared to the case (CC/MV).

The chilled ceiling has an effect on temperature because the
average age of the air increases as the cooling load fraction treated by the
chilled ceiling increases. This result illustrates the effect of cold air
moving downwards due to convection from the chilled ceiling and
meeting with hot air, resulting in a lower air velocity. In fact, the
increased turbulence increases the mixing effect resulting in an increased
diffusion of pollutants from carbon dioxide generation sources into the

overall climate.

The highest value of air age was recorded in all cases above the
location of the air distributor and near the windowless wall (red zone),
which means that the decrease in air movement in these two areas leads to
an increase in pollutants and discomfort for the occupants, and also due to
heat radiation and convection through the windows, the temperature rises
The air near the wall heats up with the windows, causing the maximum
air age to be in the upper area near the wall. The age of the air in this
region decreases due to the resulting decrease in air velocity. For the two
cases, the minimum value of air life near the diffuser (blue zone) is due to

the supply of cool fresh air by the mixed ventilation diffusers.

In each case, the decrease in the air age around those seated in the
meeting results from an increase in the air temperature resulting from

convection with the human body, which leads to a decrease in air density
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and an increase in the speed of air movement, and this leads to a decrease

in the air age.

Fig.(5-31) presents the mean vertical air age of air profiles in
separation with height for the two scenarios with different values (n).
This number varies depending on the typical average age of air in
different horizontal planes at different altitudes. With height, the average
air age of a seated and standing person decreases. When (1) increases, the
average air age in both cases increases with each value of (). This is due
to a decrease in air velocity due to the combination of warm air and a
decrease in cooler air once it comes into contact with the surface of the
cooled roof. Convection causes the air temperature to drop. In fact, the
increased turbulence increases the mixing effect leading to an increased
diffusion of pollutants from (CO,) generating sources into the overall

climate.

Fig.(5-32) illustrates the relationship between the air exchange
efficiencies and (n) for two cases. Regardless of the case, the air
exchange efficiency decreases with increasing (n) because the travel time
of air particles from the air input to the air exit increases with increase (n)
for the two cases because the chilled ceiling's cold air slows the air's
velocity. The effectiveness of air exchange depends on the mean air age
value, The air exchange efficiency increases with decreasing average air
age from (0.22 to 0.24%) at (n = 0 to 80%) compared with (CC/MV).
Therefore, the highest value of (na) in (CC/MVPV) at an air flow rate of
(7.5 L/s) is (77.45 to 69%) in (n = 0 to 80%). As a result, the flow rate
(7.5 L/sec) is the largest option for protecting the occupant from direct
contamination in the (BZ) and in the surrounding microclimate as shown
in Table (5-6).
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Fig.(5-31) Mean age of air with heights (1.1m) for different values of (1)

for two cases (case-1V and V).

90
80 ¢
60 \ \
: O
=2 o \
= \ \
20 X N
10 \ \
0 T T & T L T T 1
40 50 60 70 80 90 100
——o—Case-lV —#—Case-V
Na%

Fig.(5-32) Air exchange efficiency (n,) profiles at (1.1m) levels for

different values of (1) under two cases

A-CLXXVIII



Appendix

5.4.2 Distribution of air temperature and velocity

Fig.(5-33) depicts the contours of the distribution of air
temperature with different at (z = 2.25) m for two cases in the meeting
room. Notes that the effect of the cold air supply coming from the
diffuser positioned in the upper section of the room wall causes the
temperature to drop with the height of the office room in all cases. The
temperature differential between the head and the foot is less than (2 °C),

which is within the ASHRAE standards' permissible range.

When there is an increase in the rate of airflow , the average room
temperature decrease in the breathing zone and an increase in the speed
of the air within a breathing zone resulted in a decrease in room
temperatures in general as shown in Fig.(5-33). Because the air diffuser is
situated towards the ceiling, the ceiling temperature is cooler than the

room's floor temperature.

Fig.(5-35) presents the value of the temperature difference between
the head and the foot for a seated and standing person decreases with the
increase in the amount of cooling load treated by the chilled ceiling.
Where the highest values of (VADT) appeared for a seated person with a
system with (CC/MV) between (0.72 to 0.47)°C at (n= 0 to 80%), the use
of PV reduced the differences between head to foot of a seated compared
to the (CC/MV) case by (0.44 to 0.56) at (n= 0 to 80%) . It is noted that
when using the (PV) system, the air temperature near the head drops at
(1.1m) due to the photovoltaic fresh air supply rate which provides more
cooling. So the breathing zone in (CC/MVPV) is characterized by a
decrease in temperature with a good rise in the permissible air velocity
within the recommended thermal comfort limits. The temperature

difference between the head to feet of the seated person decreases by
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(0.26 to 0.73)°C at (n= 0 to 80%) with (CC/MVPV) between for the two
cases. This means that the temperature difference between the head to
feet level is the lowest in the third case study when compared to the rest
of the cases due to the ability of the (CC/MVPV) system to deliver cold

air faster to the human body.

Air temperature distribution profiles with different (n) at (z = 2.25)
in the test chamber are shown in Fig.(5-33). For two cases, it is observed
that the temperature increases with height, and with an increase (1), and
the average room temperature increases with the increase in the
temperature of the feed air due to the decrease in the cooling capacity of
the air, it is noted that the temperature begins to rise when it passes
through heat sources and moves up .As a result of the buoyancy effects,
in general, the decrease in temperature returns with the height of the
office room due to the cold air currents coming from the personal
ventilators (ATD) as well as the air supply distributor (MV device)

mounted on top of the room wall.

The lowest temperature inside the room is observed at a level (2.2
m) near to supply diffuser. Fig.(5-36) show the effectiveness of air
temperature distribution for the two cases at various (). In cases IV and
V, the heat removal index values ranged between (0.953-0.84) and
(0.978-0.86) at( n =0 to 80%) . The use of PV air flow rates improved the
heat removal index in (CC/MVPV) by (3 to 2.3)% at (n = 0 to 80% )
compared to (CC/MV).
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Fig.(5-33) The contours of distribution of air temperature at different (1))
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Fig.(5-36) Heat removal effectiveness profiles with (n) for two case

studies

Figs.(5-37) show the air velocity distribution vector for the two cases
on the plane (z = 2.25 m). The maximum air velocity of the supply
diffuser, which is (2.5 m/s) in each case, After that, the velocity decreases

until it reaches zero in the majority of the interior. The buoyancy force
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affects the cooled air near the air diffuser, but this effect decreases as the
temperature of the air source increases. The heat from the heat sources is
then replaced by cool, fresh air as it begins to exit the room through the
exhaust grille. Due to air hitting the body surface wall and backflow, air
circulation is restricted in the counterclockwise region between (ATD)
and people. an increase in air temperature caused by heat transfer

between sources.

The movement of air molecules can be divided into two categories:
translational movement caused by the buoyant force caused by the
temperature difference between the surrounding air and heat sources, and
rotational movement caused by momentum and high-speed air entry from
the diffuser. The diffuser, placed slightly below the ceiling of the room,
allows air to flow parallel to the floor of the space, as shown in Fig.(5-
37). Eventually, the air goes into the exhaust grille and is expelled from
it.

Fig.(5-38) show the change in the mean distribution of air velocity with
height for different values of for two cases (cases IV and V), respectively.
The air velocity near the air supply diffuser (greater than 2 m) decreases
with increase (n) due to increase in the temperature of the air source rises
.The air velocity usually increases with height, and it is at a level of more
than (1 m) due to the effect of heat sources on the rise in air temperature.
After that, the heat from the heat sources is replaced by cool, fresh air
when it passes through personal ventilation, and then the hot air begins to
exit from the room through the exhaust grille. Due to the collision of air
against the surface wall of the body and its reverse flow, air circulation is
restricted in the counterclockwise area between the ATD and the person.
The maximum value of air velocity is close to the air supply diffuser in
two cases (cases IV and V), respectively equal to (0.84 and 0.54 m/s) at
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(m = 0%), and it continues to rise, reaching its peak near the ceiling at (n
= 80%). This is due to the zone's strong convectional heat transfer rates
between the air and the chilled ceiling, as well as the impacts of the

exhaust grille's ceiling-mounted location.

The air velocity increases in the area near and above the heat sources as a
result of the convective heat transfer that occurs between the supply of
cooled air and the heat sources (more than 1.1 m). The cooled air near the
ceiling, created by convection between the heated air and the cooled roof,
causes a decrease in air velocity over the occupant, leading to an increase
in the mean age of the air with an increase of ceiling, created by
convection between the heated air and the cooled roof, causes a decrease
in air velocity over the occupant, leading to an increase in the mean age

of the air with an increase of (n).

[

n=0 % =25 % =50 % n=80 %

a- Case-1V
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Fig.(5-38) Air velocity distribution with heights for different values of (1)

for two cases (case-1V and V).

5.4.3 Thermal comfort and air quality results
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In this part, three variables (PPD, PMV, and ADPI) are examined to
give a good idea of the thermal comfort indicators in the occupied
meeting room. The results of these factors were evaluated using the
ASHRAE Standard (2013).

Figs.(5-40) and (5-41) show thermal comfort indices (PMV and PPD)
with different values (n) for two cases. As the value of increases, the
PMV and PPD values for the two cases decrease and improve, getting
closer to the values specified for the ASHRAE 2013 standard (-0.5, PMV
0.5, and PPD 10%). The (CC/MVPV) with (CC/MV) decreases from
(0.72 to 0.5),(0.47 to 0.31) at (0 to 80%), respectively, and the (PPD)
decreases from (18 to 15.4%),(12.93 to 10.05) when the value of (n)
increases from (0 to 80%), respectively. The values of (PMV and PPD)
decrease with (CC/MVPV) (case-V) from (0.44 to 0.52%),(0.17 to
0.3)respectively at (= 0-80%) compared with(CC/MV) (case-1V).This is
because decreasing the temperature of the chilled ceiling surface leads to
lower air temperatures in the overhead area, which improves heat transfer
by heat sources by convection (PMV and PPD). due to increased heat loss
from the body as a result of a decrease in the surface temperature of the
radiator, which enhances radiative heat transfer between heat sources and

the ceiling wall.

These results indicate that the increase (n) led to an improvement in
the level of thermal comfort, but also show that these values exceed the
parameters set by the AHREA criterion (-0.5 PMV 0.5 and PPD 10%). As
the mean radian temperature (MRT) is higher as presented in the table, it
approximates somewhat warmer weather as shown in Fig. (5-41). The
values of (PMV and PPD) with the (CC/MVPV) system are lower than
those with the (CC/MV) system, which means that the introduction of
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cool (PV) air at warmer temperatures led to heat attenuation and

improved thermal comfort than in (Case V).

to demonstrate how a cooled ceiling affects comfort in a climate like
Hilla (Iraq).The level of distribution lines (PMV) of those sitting in the
meeting is shown at the level of the breathing area (at a height of 1.1 m)
for the two cases. The value of PMV rises near the windows for each case
with different values () and ranges between (1.25 and 2.6) . This is
because the hot summer weather in Hilla (Irag) causes heat to be
transmitted through conduction and radiation through the windows, and
as a result, people sitting near the windows will feel uncomfortable. The
occupied space was between (0.5 and 1.5m) away from a windowed wall.
Thus, the range specified by the ASHRAE standard for cooled ceilings
was not affected. The PMV value in the other parts far from the windows
ranges between (0.28 and 1.22) in both cases, indicating that the climate
is between normal and slightly warm at this level, and decreases with

increasing value of ().

Fig. (5-42) shows the relationship between (ADPI) with different
values of (n) for the two cases (IV and V). According to the same logic
used in the office room, it is noted in the two cases that as the value of (n)
increases, the values of (ADPI) increase, and this means that when
convection is removed in chilled ceilings, resulting in better thermal
comfort. The (ADPI) values increase with the (CC/MVPV) system by
(9.8 to 10.29) at (n = 0-80%) compared to the (CCMV) system, so that
PV is used in the (CCMV/PV) system for air flow rate (7.5 1/s). It led to a
higher (IAQ) in (BZ) due to the continuous cleaning and dilution of
pollutants. According to this study, combining PV with CC can produce a

consistent thermal climate and acceptable air quality in the inhabited
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space, and this combination may be more efficient than traditional CC
and MV.
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Fig.(5-39) PMV contours at plane (z=2.25m) with different (1) for the two cases
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Fig. (5-43) show the decomposition of (CO;) over time for states
IV (CC/MV) and V (CC/MVPV) with different (v ), from the initial
concentration (1000 ppm) to the air supply concentration (400 ppm). In
both cases, the carbon dioxide content gradually decreases until it reaches
the level of air supply. The results indicate that (CO;) removal is affected
very little by the increased load handled by a cooled roof at a constant air
supply flow. Due to the higher cooling load, the higher flow of fresh air
supply (460 I/s) quickly causes old air to be replaced with cool fresh air
and exits the room through the exhaust grille more quickly and reduces

the cooling effect of the roof.

When comparing the performance of the two systems, the (CO,)
concentration takes about (60 to 76) s at (n= 0 to 80%) with
(CC/MV)system , while with (CC/MVPV) takes about (30 to 38.9) s at
(m= 0 to 80%), for the two cases to reach the desired (CO,) concentration
(400 ppm). Also it is noted that the (CC/MVPV) system removes (CO)
from the air approximately (32 s) faster when supplied with a constant air

flow rate.

A-CXClI



Appendix

900
850

800

750

£700

Q
0.650

Usso

500

450 -

O\
—

0 10 20 30 40 50 60 70 80
Time, S

—&—case-V at 1.1 height  —l—case-V at 1.8 height

—¥—case- IV at 1.1 height —@—case-V at 1.8 height

950
900
850
800
750
5700
g 650
600
o 550

500 ¢ 2
400

0 10 20 30, 40 50 60 70 80
Time , S

—&—case-V at 1.1 height  —l—case-V at 1.8 height
—¥—case- IV at 1.1 height —@—case-V at 1.8 height

a-n=0%

b-n=25%

950
900
850
800
750

£

£700
Q550
~

0600

O
550
500
450

400 T

0 10 20 30 4
Time, S

50 60 70 80

—&—case-V at 1.1 height  —l—case-V at 1.8 height
—¥—case- IV at 1.1 height —@—case-V at 1.8 height

1000
950
900
850
800

£750

2700
~p50
S600
550
500
450

400 T T

0 10 20 30 4 50 60
Time, S

70 80

—&—case-V at 1.1 height  ——case-V at 1.8 height

—=—case- |V at 1.1 height —@—case-V at 1.8 height

c- n=50%

d-n=80%
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5.4.5 Occupied density and occupant air exchange efficiency
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In all case studies, the longer people stay in the room, the less
efficient the air change is for the occupants, which means if the residents
stay longer or there are more of them, the effect is greater, as shown in
Figs.(5-9). The efficiency of air exchange for inhabitants is always higher
than the efficiency of air exchange, which results in a replacement of the
air in the well of the inhabited space with fresh air, improving the quality
of the air. Compared to standard air exchange efficiency, which considers
the impact of air flow at various locations in order to estimate the room's
thermal comfort level, occupant air exchange efficiency more accurately
describes the air conditions in a space (case-V). The overall ventilation
effect can be analyzed more comprehensively by using the passenger air
exchange efficiency. Therefore, the efficiency of air exchange for
occupants increases in cases (case-V) from (22.25 to 25.11 %) and from
(30.2 to 39.16 %) at () compared with (CC/MV), so that this means that
(PV) improves the efficiency of air exchange and determines the level of

comfort inside the room as a result of its unique characteristics.

Fig.(5-10) shows the relationship of air exchange efficiency for
occupants (np) with different load values (1) for the three case studies,
where it was found that the temperature of the cooled ceilings increases
with the increase in the cooling load treated by the cooled ceilings, and
this leads to an increase in the age of the air and then a decrease in the

efficiency of air exchange.

The air exchange efficiency for occupants (np) in the (PV) system
was higher than the (CC/MV) system by (0.22 to 21.4%) and (32 to
38.7%) at (n = 0 to 80%) compared to the (CC/MV) system as a result of
reducing the mean air age up to 30 to 38% at breathing level for a seated
person. As shown in Figs.(5-10), the air exchange efficiency (Ma,np)
increases with decreasing average air age in (CC/MVPV) by (81 to

A-CXCIV



Appendix

67.5%), (99 to 90.25%) at (n = 0 to 80%). Therefore, a flow rate of (7.5

I/s) is the optimum choice for shielding residents from direct pollution in

the BZ and in the local microclimate
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a- case-1VvV b- case-V
Fig.(5-20) Relationship between of different values of (n) and occupant

air exchange at three time in two cases(case-1V and V)
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Chapter Six
Conclusions and Suggestions for Future Works

6-1 General conclusions

1. For all cases, the average air age increases with altitude regardless

of the increase in the cooling load treated by chilled ceiling ().

2. The local air age increases with the increase in the cooling load
treated with the cooled ceiling. The highest values of the average air life
were in the case of (CCMV) compared to the case of (CCMV), and the
lowest value of the air life was near the heat sources due to the high

velocity of the air in this region.

3. When the air flow rate is increased, the average life of the air

decreases as the part of the cooled ceiling treated cooling load increases.

4. The air exchange efficiency increases with the decrease in the
average air life and the increase in the photovoltaic air flow rate of the
(CCMV/PV) system at a rate of (7.5) I/sec.

5. The temperature difference between the head to feet of a seated or
standing person is directly proportional to the temperature of the cooled
ceiling and inversely proportional to the increase in the part of the

cooling load treated by the chilled ceiling

6. The efficiency of the air temperature distribution decreases with the
decrease in the temperature of the cooled ceiling and the increase in the
cooling load fraction processed by the cooled ceiling, and the heat

removal indicators using (PV) were higher than those of (CC/ MV).

7. The results of three case studies show that occupant air exchange

efficiency is the best way to assess the effect of room ventilation.
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8.  This study shows that the proposed (CCMV/PV system) provides

thermal comfort and higher air quality in the occupied area
6.1.1 Conclusion for the insulated office room

1. In all cases it was seen that the values of (PMV and PPD) decreased
from (0.25 to 0.30),(0.33 to 0.36) respectively with the (CC/MVPV)
compared to the (CC/MV) system at(n = 0 to 80%) , which means
that use PV lead to improve thermal comfort than in (CC/MV). The
values of (PMV and PPD) decrease with the increase of the air flow
rate  from (0.2 — 0.34%), (0.19 — 0.24%)respectively at (N =
0 to 80%) in two cases (CC/MVPV-1 and(CC/MVPV-2) .

2. As a result of the use of (PV), the percentage of air age drops below a
value of (0.34) %. With the lowest (PV) air flow rate of ( 5 1/s) (as in
CC/MVPV-2) compared with (CC/MV), the probability of mean age of
air was reduced by 25% . A value of (14%) improvement in occupant
protection from cross infection was observed with higher (PV) airflow
rates .

3. The heat removal effectiveness increased by (4-5.12%) at (1 = 0-80%)
in the (CC/MVPV) compared with (CC/MV). The higher (PV) air flow
rates led to an improvement in the heat removal index in (CC/MVPV-
2) by (319-3.6%)at (n = 0-80%) than in the (CC/MVPV-1) system.

4. The vertical air temperature difference (VATD) for the seated and
standing person was between (0.8-0.3) and (0.7-0.4) at (n = 0-80%).
The highest values for a seated and standing person were seen between
(0.8-0.52) °C for a person standing with (CC/MV) system . The
temperature difference between the head to feet of the seated person
decreases by (0.63-0.3)°C with (CC/MVPV-2) between (0-80%) for
the three case studies.
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. In all cases with (PV), the air exchange efficiency (na) was higher than

that of (CC/MV) by (0.24 to 0.3%) at (n=0 to 80%). Through the use
of (PV), the mean age of the air was reduced by up to (0.23 to
0.3),(0.22 to 0.29) at (n=0 to 80%) when compared with (CC/MV) at
the sitting and standing person's breathing level. So the highest value
(Ma) in (CC/MVPV) system by (75 to 72%) at (n =0 to 80%) at air flow
rate (7.5 I/s).

. In all cases with (PV), the air exchange efficiency for occupants (np)

was higher than CC/MV system by (22.25 to 25.11%), (30.2 to 39.16)
at (n = 0 to 80%) compared with the (CC / MV) system as a result of
reducing the mean air age up to (0.23 to 0.3),(0.22 to 0.29) at (n =0 to
80%) compared to (CC/MV) at a seated and standing person breathing

level.

. The highest value air exchange efficiency (na, np) in (CC / MVPV-2)

by (75 to 72%),(99.5 to 93%) at (n = 0 to 80%) at the air flow rate (7.5
I/5s).

6.1.2 Conclusion for non- insulated meeting room

1.

The values of (PMV and PPD) decrease with (CC/MVPV) (case-V)
from (0.44 to 0.52%),(0.17 to 0.3)respectively at (n = 0 to 80%)
compared with(CC/MV) (case-1V).

. The use of (PV) airflow rates lead to decrease in the local air age by

(22 to 26%) at (n = 0-80%) compared with (CC/MV) system .

. The mean local air age is decreased by (8 to 14%),(8.6-16) at (n = 0-

80%) with (PV) air flow rate compared with (CC/MV).

. The heat removal effectiveness increased by (4-5.12%) at (n = 0-80%)

in the (CC/MVPV) compared with (CC/MV). The higher (PV) air flow
rates led to an improvement in the heat removal index in (CC/MVPV)
by (3-3.6%)at (n = 0-80%) than in the (CC/MVPV).
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5. The vertical air temperature difference (VATD) for the seated person
was between (0.8-0.3) and (0.7-0.4) at (n = 0-80%). The highest values
for a seated person were seen between (0.8-0.52) °C for a person
seated with CCMV. The temperature difference between the head to
feet of the seated person decreases by (0.63-0.3)°C with (CC/MVPV-2)
between (0-80%) for the three case studies.

6. The air exchange efficiency (n.) of (CC/MVPV) was higher than
(CC/MV) by (0.22 to 0.24 %) at (n\=0 to 80%). Compared with
(CC/MV), PV in the thermal dwarf produced higher air quality indices .

7. In all cases with (PV), the air exchange efficiency for occupants (np)
was higher than CC/MV system by (22 to 24%), (28 to 35) at (=0 to
80%) compared with the (CC / MV) system as a result of reducing the
mean air age up to (0.2 to 0.28),(0.2 to 0.25) at (n = 0 to 80%)
compared to (CC/MV) at a seated and standing person breathing level.

6.2 Suggestions for Future Works
To advance the current study , Future studies are advised as the
following:

1. Studying thermal comfort conditions, indoor air quality, and ventilation
efficiency in large spaces such as schools, universities, cinemas,

theaters, and commercial centers under hot and dry climates.

2. An experimental study examining thermal comfort conditions under
different shapes and types of personal peripheral ventilation devices
(PV ATDs) at different occupant distances.

3. Examine the performance of the personal ventilation system in relation
to shifts from the design site of the occupant because individuals move

around and do not stay in one place for long periods of time.
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4. Examination and comparison of the effectiveness of personal
ventilation (PV ATDs) with angled desk fans (DF) and chair fans (CF)

in busy office settings.

5.Studying the economic aspect of different forms and types of

personal peripheral ventilation devices (PV ATDs, DF, and CF).
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Appendix-A

Appendix-A.l

Supply air temperature( Ts) and flow rate (Qs ) for (CC/MV and
CMV/PV) system ((case-1,11 and 111)

In the case of MV, the initial supply air temperature and velocity of
air supply for MV system were (17°C, 2.5 I/s) (according to
ASHRAE.2011), to calculated supply air flow rate (Qs):

CLyy = qoe + ql+ qgex . (A—=1)
C]-‘MV = (3qperson+2qumputer) + ql

for insulated office room (gex = 0, i=100W, ¢oe=445 W, p=1.2m°%s and
Cp=1.005kj/kg.°C)

CLyy = Qs X cp X AT . (A=2)
Qszmo)(p (A_?))

After finding the air flow rate from the above equations, by fixed supply
air flow rate at (46L/s) for each tests (to notice the change in air age for
each test) and change supply air temperature (Ts) with varied the value of

cooling load treated by mixing ventilation (CLwv).
Qs = Vx X As . (A—4)
where assume Vx = 2.5,[101]

ACH = Qg Vroom X 3600 ...(A=5)
Where: Vx: local air speed (m/s), As: Surface area of supply air diffuser
(m?2), the area of exhaust grills is about (80 %) of the air supply unit area,
[71].
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Table(A-1) Calculated values for supply air flow rate and temperature for

insulated office cases(case- I,Il and I11)

Appendix

n CLmv QS Ts
(%) (W) (m%s) | (°C)
0 445 0.046 17
25 333.75 0.046 19
50 222.5 0.046 21
80 89 0.046 23

Appendix-A.2

HAP PROGRAM RESULTS

Table (A-2) Results of cooling load for non-isolated meeting
room by using from (HAP4.9) program

DESIGN COOLING

COOLING DATA AT JulCOOLING OA DB /WB

47 °C /22 °C
Sensible Latent(W)

ZONE LOADS | Details (W)

Window & Skylight 3m2 277 -
Solar Loads

Wall Transmission | 15.5m2 | 326 -
Roof Transmission 0m2 0 -
Window Transmission| 3 m? 211 -
Skylight Transmission| 0 m? 0 -
Door Loads 2 m2 70 -
Floor Transmission 0m2 0 -
Partitions 145m2z | 302 -
Ceiling 0 m? 0 -
Overhead Lighting | 320 W | 320 -
Task Lighting ow 0 -
Electric Equipment | 210 W | 210 -
People 8 600 0
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Infiltration - 0 0

Miscellaneous - 0 0

>> Total Zone Loads - 2316 0
Appendix-A.3

Occupied density and occupant air exchange efficiency

» For insulated office room experimentally
2R, ID;

N
(Thp =

2i{thD; e (A=T7)

oD;

....(A—6)

N:Nunber of persons are stays
IDi: Individual OD;

Number of occupants = 3 occupants
Time of occupants stay in office room = 8:00 am — 3:00 pm

N1=6 hour 8:00 am- 3:00 pm
N,=6 hour 8:00 am- 3:00 pm
N3=5 hour 8:00 am- 3:00 pm
N3= 0.5 hour 8:00 am- 9:00 am
Ns=1 hour 9:00 am- 10:30 am
Ns= 1.5 hour 10:30 am- 12:30 pm
Ns= 2 hour 12:30 am- 3:00 pm

ODy at 8:00 am- 9:00 pm

0.5 0.5

1067
3

1
N,y Tt
ODy = 2=~ = 1

ODy, at 9:00 am- 10:30 pm

ZN ID L+L5+L
ODt2 — l=li1 1 — 1.5 155 1.5 — 0.78

ODg at 10:30 am- 12:30 pm

1.5 2 1.5
2 2 2

N, ID;
ODt3= llil 1=

= 0.83
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ODy at 12:30 am- 3:00 pm

25 2 2
ZNz ID; —+t—+—
ODt4: i lil i_ 25 235 25 0.87

Table (A-3)The results of occupant density and occupant air

exchange at four times for three cases (case-1,11, and I1)

na | na)o.o% | na)o.o% | na)o.o% | na)o.o%
Case % 0.5 1 1.5 2
hour hour hour hour
CC/IMV | O % 69 64.17 61.9
CC/MV | 25 78 67 62 60
CC/MV |50| 75.7 64.9 60 58.1
CC/MV 80| 735 63 58.46 56.42
CC/MVPV | 0 98.6 85 78.5 76
CC/MVPV | 25| 96.49 83 77 74
CC/MVPV |50 | 94.44 81 75 72.48
CC/MVPV | 80| 90.39 77.6 73 69.9
CC/MVPV | 0 | 100.2 89.52 84.5 81.5
CC/MVPV | 25| 100.1 89.52 83 80
CC/MVPV | 50 100 88.48 82 79.2
CC/MVPV | 80| 99.1 87.7 81.3 78.5

« For insulated office room numerically

Table (A-4)The results of occupant density and occupant air

exchange at four times for three cases (case-1,11, and 111)
na | na)o.o% | na)o.o% | Na)o.o% | na)o.o%

Case % 0.5 1 1.5 2
hour hour hour hour

CC/MV | 0| 91.28 78.24 72.59 70
CC/MV | 25| 87.46 74.97 69.5 67.12
CC/MV | 50| 84.95 72.8 67.55 65.19
CC/MV | 80| 81.26 69.65 64.61 62.36
CC/MVPV | 0 | 100.02 | 90.59 84 81.10
CC/MVPV | 25| 100 88.74 82 79.4
CC/MVPV |50 | 96.9 85.74 79.5 76.7
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CC/MVPV | 80| 94.29 83 77 74.6
CC/MVPV | 0 | 100.8 96 89.3 86.2
CC/MVPV | 25| 100.5 93.6 86.8 83.8
CC/MVPV |50 | 100.3 91 84.5 81.5
CC/MVPV | 80| 99.4 87.9 81.6 78.7

« For non- insulated meeting room :-

N : Nunber of persons are stays

IDi : Individual OD;

Number of occupants = 8 occupants

Time of occupants stay in meeting room = 3 hours (10:00am-1:00pm)

ODy; at one hour (10:00 am- 11:000 am)

N, ID;
ODtlz == 111 L =

ODy;, at two hour ( 11:00 am- 12:00 pm)

7

-=0.87
8

N .
ODp= D; = ZITIIDI =

6

-=0.75
8

ODy; at three hour (12:00 am- 1 pm)

N .
ODu= D; = 22201 =

N

22062
8
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Table (A-5)The results of occupant density and occupant air

exchange at three times for two cases (case-1V and V)

na | na)o.o% | na)o.o% | na)o.po%
Case % 1 15 2
hour hour hour
CC/MV 0 67 76 99
CC/MV 25 63 72 97
CC/MV 50 59 68 91
CC/MV 80| 56.9 65 87.7
CC/MVPV | 0 80 92 123
CC/MVPV | 25| 78.8 90 121
CC/MVPV | 50 77 88 118
CC/MVPV | 80 72 82 101
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Appendix B
Deviation of Measuring Devices

B-1 Deviation of the thermocouple:

Thermocouples must be properly calibrated in order to verify the
accuracy of the measured temperature readings. The difference between a
mercury thermometer reading and a thermocouple reading was
determined by placing both inside the mixture, which was made of pure

water and crushed ice, and the results are shown in Table (B-1).

The least-squares method defines the average calibration curve of an
instrument as a straight line that best matches the scattered data points.

The straight line equation is:

T,=mT;+b (B-1)
m : The slope of a straight line

b : The Intercept with the (To) axis

_ nZ(TiTo) - (Z Ti)(z To)
m =

nYy -y o

L 2T T2 - BT * (BT
nY(TH2— (X T’

As shown below, the relation's residual percentage is( 0.0973 %), where

= 0.0723

(n) is the total number of data points.

= 0.0973

5 = \/Z(mTl +b— TO)Z

n

The relationship between the temperature values of these two devices is
depicted in Figure (B-1). A linear relationship fits the relationship as

follows:
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To= 1.0014T;+0.0723

Table (B-1) The reading of temperatures with time for two device with

the range of (0 to 47.6)

No. Time Mercury thermometer Thermocouple
sec. (Ti) °C (To) °C
1 0 0 0.05
2 5 3.5 3.7
3 10 6 6.2
4 15 8.4 8.33
5 20 10.88 11.01
6 25 13.1 13.33
7 30 15.5 15.35
8 35 18.32 18.43
9 40 20.56 20.61
10 45 23.2 23.31
11 50 25.6 25.72
12 55 28.2 28.4
13 60 31 31.13
14 65 34 34.08
15 70 36.44 36.6
16 75 38.2 38.28
17 80 40.3 40.48
18 85 44.4 44.53
19 90 47.6 47.72
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Measured temperature Y=1.0014X+ 0.07236, R=0.9993

T°(°C) 55

50

45
40 —_

35

30 —

25
20 -

15

10

O T T T T T T T T T
0 5 10 15 20 25 30 35 40 45

T,(°C)

Fig (B-1) The calibration curve of thermocouple temperature reading.

B-1.1 The standard deviation and uncertainty

The standard deviation is a measure of how far the data has diverged
from the mean , standard deviation is used to quantify the uncertainty of
the data. The standard deviation of the thermocouple was estimated using
equations (B-3) and (B-4),]88].

The thermocouple was placed in water at (25°C) to test the deviation for
this study, where the measurements are repeated with the same amount
(same temperature) to increase the accuracy of the measurements, and the
time period for recording the temperature data of the thermocouple was
within (45 s), as shown in the table ( B-2). The standard deviation is
found (0.116°C) by using the two equations at the same temperature as
shown in Table (B-2).

T, = 2=l (B-3)

n

Ziz1(Ti—Tm) 2
n-1

o(T) = (B-4)
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Table (B-2) Measured water temperatures with a thermocouple (at 25 °C)

Reading No. Reading of thermocouple temperature
1 25.28
2 25.10
3 25.07
4 25.11
5 25.08
6 24.94
7 25.02
8 24.89
9 24.93
10 24.91
11 24.9
12 24.96
13 24.92
14 24.94
15 24.94
—&—reading of water temperature reading of thermocouple temperature

25.35

%
253
\

25.25
\

25.2
25.15 \

25.1 \

25.05

25 +—
24.95

24.9

24.85

16

Fig (B-2) The deviation curve of thermocouple temperature reading.

B-2 Calibration of Flow Meter

The measuring cylinder and stopwatch were used to calibrate the flow

meter. This method is based on how long it takes to fill a certain amount

and how that compares to the flow meter measurement as shown in table
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(B-3).The calibration of a flow meter is shown in Fig. (B-3). The standard
deviation is (2.59 %).

Table(B-3) The reading of flow meter with flow water

Reading Flow meter reading Flow water reading

NO

0 0 0
1 0.5 0.56
2 1 1.08
3 1.5 1.61
4 2 2.1
5 2.5 2.59
6 3 3.11
7 3.5 3.61
8 4 4.13
9 4.5 4.66
10 5 5.2

—o— Flow meter reading ——Y=1.0244X+0.05066 R=0.9993

5 2

Flow water reading (I/min)
] w
NMNonow O

0 05 1 15 2 25 3 35 4 45 5 55 6
Flow meter reading (I/min)

Fig.(B-3) Calibration curve of flow meter
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B-3 Certificate of CO2, Tem., RH data logger

"ﬁ Shenzhen BCTC Technology Co, Lid

A.Floor 3, 44 Building, Tanglang Industrial Park B
Taoyuan Street, Nanshan District, Shenzhan, China

Certificate of Compliance

Certificate Number: BCTC-150403524

Applicant : Dongguan Xintai Instrument Co., Ltd

No 148, Chunfeng Road, Longbenlmg, Tangxia Town, Dongguan City,
Guangdong, China

L}

Manufacturer Dongguan Xintai Instrument Co., Ltd
No 149, Chunfeng Road, Longbeiling, Tangxia Town, Dongguan City,
Guangdong, China

Product : CO2/Temp./RH Data Logger
M/N : HT-2000

Test Standard : EN 55022: 2010
EN 61000-3-2: 2014, EN 61000-3-3: 2013
EN 55024: 2010
EN 61000-4-2: 2009, EN 61000-4-3: 2006+A1:2008+A2:2010
EN 61000-4-4: 2012, EN 61000-4-5: 2014
EN 61000-4-6: 2014, EN 61000-4-8: 2010, EN 61000-4-11: 2004

The EUT described above has been tested by us with the listed standards and found in
compliance with the council EMC directive 2014/30/EU. It is possible to use CE marking to
demonstrate the compliance with this EMC Directive. It is only valid in connection with the test
report number: BCTC-150403524.

q

This certificate of conformity is based on a single evaluation of the submitted

sample(s) of the above mentioned product. it does not imply an assassment
of the whole product and relevant. Directives have to be observed.
Tel: 400-788-8558 0755-33019988 Hitp://'www beto-lab.com  HHitp//www ble-lab.com
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