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ABSTRACT

This study aims to investigate the effect of the cooling load ratio covered by the chilled ceiling
on the age of air and comfort level in a classroom in a hot and dry climate in Irag-Hilla city. Air
age, air exchange efficiency, and concentrations of pollutants in a classroom are investigated
numerically by used AIRPAK software under displacement ventilation combined with a chilled
ceiling system. Four cases are studied at different values of the cooling load covered by the
chilled ceiling (0%, 25%, 50%, 80%) with respect to total classroom cooling load. Cooling load
removes by chilled ceiling varied from (0 to 84.5 W/m?) based on the classroom area, and its
temperature varied between (17.5-22.5°C). The displacement ventilation airflow rate was kept
at 0.3m%s, and the air temperature supply varied between (19.5-24.5°C) depend on the amount
of cooling load covered by displacement ventilation. The results showed that the mean local air
age increasing with height. The room mean air age increase and air exchange efficiency reduce
with increasing load portion, which treated by the chilled ceiling. Increasing the portion of the
load treated by chilled ceiling tends to improve comfort levels.
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INTRODUCTION

As epidemics and viruses spread across the world, there is an increasing need to study new
approaches to ventilate indoor spaces. Previous studies had shown that displacement ventilation
with chilled ceiling has more saving energy and good thermal comfort. Few studies dealt with
the study of classroom ventilation, although some studies proved that 50% of school students
suffer from asthma and allergies as a result of air pollution (Karimipanah et al. 2005).
(Karimipanah et al. 2005) investigated classroom ventilation by used a jets ventilation system at
different thermal conditions by compared experimental and numerical results; the study proved
that the CFD program gave very promising results. (Shaughnessy,2015) studied the effects of
temperature distribution and ventilation rate on students in the classroom in the Southwestern
United States and found that the increase in ventilation rate per second per person leads to
improved thermal comfort.

The displacement ventilation system with chilled ceiling was a system that has gained wide
popularity in the past few years, is a system characterized by energy-saving and thermal comfort.
One of the advantages of the system is that it combines the energy efficiency of displacement
ventilation and the efficiency of the chilled ceiling with the possibility of an increase in
ventilation performance due to the thermally stratified layers of displacement ventilation
systems. (Chakroun et. al. 2011) investigated the saving energy depending on the rate of return
air mixed with new fresh air supplied into the room by used (CC/DV) chilled ceiling with the
displacement ventilation system, the study found that the mixing fraction up to 60% improved
energy consumption by 37% when compared with supply total fresh air. (Yang. et. al., 2017)
presented numerical study for flow and temperature fields in a room with a combined system
(CC/DV); the results showed the position of the radiant cooling surface at the upper zone of the

room was given better thermal comfort. (Tian. et al. 2019) studied numerically the variation of
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temperature, humidity and condensation phenomena on the chilled ceiling in the office room
with DV system, and the results found that dew condensation on the chilled ceiling could be
alleviated by running the DV system for 300s before running chilled ceiling. (Jin et al. 2020)
investigated the condensation problem on the chilled ceiling by the change of chilled ceiling
surface temperature, found that the flow rate regulation was not effective to prevent the
condensation on the surface of the chilled ceiling.

Knowing the age of air inside a closed room can provide us with many data, for example,
evaluating air quality in anindoor environment and assessing air pollution control (Awbi. 2017).
The combined ventilation system is not used in Iraqi buildings yet; then, it’s a good starting point
for study the performance of this system in the Irag-Hilla city climate (hot and dry climate). The
study aims to examine the effect of the cooling load ratio treated by the chilled ceiling with
respect to total classroom cooling load at constant air flowrate (0.3m%s) on the age of air under
hot and dry climate in Irag-Hila city. The study focused also on the effects of the relation between
mean local age of air and temperature on thermal occupants' comfort and performance of students
that need a good environment. So in this paper, some questions will be answered such as what’s
effect of the chilled ceiling on the air exchange efficiency and the effects of the amount of load

treated by the chilled ceiling on the thermal comfort in a classroom under hot and dry climate.

CASES DESCRIPTION
Four cases are studied for the classroom to investigate the effect of the chilled ceiling with
displacement ventilation on the indoor age of air and satisfy comfort level under the Iraqi climate
in a classroom under the different values of eta (1) as shown in the following equation:

CL
N 1)
ClLgy +CL,,

Where (1) represented the ratio of the cooling load, which is treated by the chilled ceiling (CLcc)

to the total classroom load, and (CLpy) is the load covered by displacement ventilation.
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The () value change by 0-80% as (0, 25, 50, and 80%), when 1 =0 that means the cooling load
treated by used displacement ventilation only.

The age of air, temperature distribution, and concentration of carbon dioxide (COy) is predicted
inaclassroom with dimensions of (9x5m, and 2.5m height), as shown in Figure 1. The heat load
summary of the equipment and occupants in the classroom is shown in table 1. Assuming that
the wall with three windows at the south side is exposed to outside conditions (at a maximum
temperature in Hilla city summer 47°C, and 30% relative humidity). North wall with door
oriented to an inside corridor. Other walls are partitions between rooms that have the same design
indoor temperature for the classroom (25°C). The chilled ceiling cover 80 % of the ceiling area
divided into three parts, as shown in Figure 1.

Three parts of chilled ceiling

Window

Door

Rectangular
Supply diffuser

S

s
Students E N

Figure 1 Schematic diagram for the tested room

Table 1 Occupants and equipment heat summary.

Items No. Power (W) Power (W/m2)
Person 21 | 75 W per person 35
Lights 6 480 10.66
TV 1 150 3.33
Personal Computer | 1 60 1.33

SIDEWALL DESCRIPTION
The walls in most Iraqi buildings were mainly formed of multiple different materials. The

thickness of the wall is 30 cm thickness, and consists of four layers from inside to outside

(gypsum plaster 2 cm, cement plaster 2cm, common Brick 24cm, cement plaster 2cm.
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THEORETICAL ANALYSES
Cooling loads should be calculated by using the method outlined in (ASHRAE handbook. 2013).

By using the following equations:

Q=UxAXCLTD, (2)
1
R, 3)

th

where (Riw) is thermal resistance for wall and CLTDc is cooling load temperature different
calculated as:

CLTD,=(CLTD+LM)xK+(25.5-T )+(T, -29.4) (4)

Heat gain by radiation transfer through windows (Qy) is obtained as follows:

Qr = A x SC x SHG x CLF ()

Where (LM) is the corrector latitude and month, (K) is a color factor, (Tr) is mean temperature,
(SC) shadow coefficient, (SHG) solar heat gain, and (CLF) is cooling load factor. The heat gain
from each side wall, windows, and door of the tested classroom is shown in table 2.

Table 2 Heat gain for the side wall, windows and door
Window

Surface West | East | North | south | Ceiling Conduction | Radiation Door

Heat, W 0 0 390 338 0 410 338 67

AIR FLOWRATE AND SUPPLY AIR TEMPERATURE
To design, and operation of displacement ventilation systems, the method developed by (Chen,
and Glicksma. 2003) was the most usually references used. The air flowrate and temperature for

supply air (Ts) are calculated by the following equations.

o - 0:2950,,+0.1320,+0.1850,, (6)
DV
pC, AT,
T=Ty -ATy - ’62\f “Lov "
0.584Q7, +1.2A,Qp,
CLpy =pQpyC,(T,-T,) ®

Where (Qoe, 1, and gex) are the heat gain by occupants, light, and external respectively, (Qov) IS
the airflow rate, and (AThy) is the temperature difference between head and foot.

The supply flow rate (Qpv) is fixed at (300 L/s) for each test and the diffuser supply air
temperature (Ts) varied depending on the value of cooling load covered by use displacement

5
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ventilation (CLpy) at constant air flowrate. The indoor air conditions for classroom design as dry
bulb temperature (T.) of (25°C due to ASHRAE standard 2007). The initial value of CO;
concentration inside the test room is (1000 ppm) to estimate the required time to reach the CO,
concentration in supply air (400ppm) for each case.

To calculate the temperature of the chilled ceiling surface (Tcc), the following empirical equation

is used (Hao, X. et. al. 2007).

0.9
CL
T..=T,- e 9)
oo (8.92.f.AJ

Wher (Tqr) is the design room temperature and (f) is the ratio of chilled ceiling area (Ac) to the

floor area (As).
Table 3 shows the values of calculated air supply temperature (Ts), and chilled ceiling surface

temperature (Tcc) at a different ratio of cooling load (1) for four cases.

Table 3 Operating conditions for cases

C I—DV C Lcc, Q DV, Tamp, Ts RH S ch
coes Nl wy | w) | @) | (O) | (O | % | (%O)

Case-1 | 0 3808 |0 03 |47 195 |70 |-
Case-2 |25 | 2856 |952 03 147 |215 |65 |22

Case-3 |50 | 1904 | 1904 03 |47 1235 |60 |20

Case-4 |80 |7616 |30464| O3 |47 |245 |55 |175

SELECTION OF AIR SUPPLY DIFFUSER
Depending on the value of air flowrate (0.3 m¥/s), and to satisfy low air velocity (0.3nVs), two
on way rectangular diffusers with the area (0.5 m?) as shown in Figure 2 are selected to delivers
cooled air. The surrounding classrooms are typically arranged with the teacher’s desk at one side
of the room, and students sitin rows facing the teacher. The most common diffuser arrangement

for this room layout requires spreading on each side of the wall near a teacher.
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M

50cm

Figure 2 One way rectangular diffuser
GOVERNING EQUATIONS
The Reynolds Averaged Navier_Stokes equations are covered the continuity equation, energy
equation and momentum equation as follows (Pijush and David 2012):

1- Continuity equation

0 0 0
- - - - 10
(u)+ N (V) + N (w)=0 (10)

2- Conservation of momentum

9 9 9 __ 9P 00U, 0 ,0u, 0, 0
X (pu) + oy (puv)+ 01 (puw) OX i oX w ax) i oy S 8y) i 01 ( 82) (11)

a 1! a _ ot é _ hat
+ o AU+ V) + 2 (CpuW) + g,
3. Energy equation

92 9 9 0wy 2y, 9 (12)
8X(pUT)+5'y(pVT)+6Z(pWT) ax(rax)+ay(ray)+az(raz)

TURBULENCE MODEL AND MESH STRATEGY

The commercial CFD software used in this work is (AIRPAK.3.0.16). Many researchers in a
field DVICC system have used (AIRPAK) software in the numerical analysis as (Gao S. et. al.
2017), (YYang. et. al. 2017), and (Ayoub. et. al. 2006).

To ensure the accuracy of the results of the AIRPAK software to work in the field of DV/CC
system, it was validated with another experimental study. Validation was achieved by comparing
the numerical results done by software, and experimental data obtained from the office room

with DV/CC system conducted by (Rees. 1998). The comparison by used AIRPAK software
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(RNG k-€ turbulent model) gave a good agreement between experimental simulated results
((Rees. 1998) at average error was about 3.27%.

Renormalization Group Method (RNG k- €) was a good choice as a turbulent model for used in
numerical analysis for this study (Chen, Q. 1995).

For modeling the flow by using the AIRPAK software, it is necessary to divide the room
geometry into cells that include a mesh. Acceptable mesh strategy depending on compared
among six mesh strategy (962531, 1133262, 1214510, 1351966, 1564681, and 1806426 Nodes).
Five positions were chosen to acquire the age of air results: P; (6,0.4,4), P, (7,1.8,2.5), P3
(2,1.1,2.5),P4(3,1.8,3.5) , and Ps (4,1.1,2.5). Figures 3-a, and 3-b show air age, and temperature

profiles respectively for six different nodes number.
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Figure 3 Airage and temperature profiles for six different node numbers per thousand

After applying the above mesh strategy, the acceptable element number and nodes for the model
study by AIRPAK are (1351966 nodes) for the case without (CC) and (1380951) for cases with

(CC). Figure 4 shows parts of the meshed model.
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Person

Figure 4 part from meshed model

PREDICT INDOOR AIR QUALITY PARAMETERS IAQ
After complete cases analyses by Airpak software, the indoor air quality (IAQ) parameters can

be predicted such as mean age of air (), air exchange efficiency (5, ), temperature effectiveness

(&), predicted mean vote (PMV), and predicted percentage dissatisfied (PPD) as shown in the

following equations: (Awbi, 2008, Gao. et al. 2017 and ASHRAE 2013)

T (13)
DV
T
_ 14
= (14)
T-T
— e S 15
A=y T (15)
PMV=[0.303exp-[0.036M+0.02]L (16)
PPD=100-exp-[0.03353(PMV)*+0.2179(PMV)?] (17)

RESULTS AND DISCUSSION
DV/ICC system was studied numerically in a classroom under Iraqgi- Hilla city climate at
maximum summer temperature. The study is identified based on the different cooling load
chilled ceiling ratio (n). The main results parameters obtained in the numerical analyses by

ARIPAK software are summarized in table 4.
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Table 4 Numerical parameters for four cases

Tec AThe

Cases |n% ?rﬁsvls) Ts°C | ocy |ADPI% | PMV | PPD% | ooy (1% | &
Case-1| O | 03 | 195 | - 50.14 | 0.815| 195 | 2.2 | 72.8 | 1.38

Case-2 | 25 0.3 21.5 22 50.17 | 0.783] 191 | 14 | 70.7 | 1.31
Case-3 | 50 0.3 23.5 20 58.97 10.765| 18.7 | 0.9 |69.93]|1.28

Case-4 | 80 0.3 245 | 175 81.54 | 0.69 17 04 | 57.2 | 1.25

The vertical mean age of air profilesin a classroom for the four cases isshown in Figure 5. Notes
that the mean air age increase with increase portion of cooling load treated by the chilled ceiling,
although the airflow was constant. That clearly at the level above (1m) especially at 1 equal (25,
and 50%). That’s leading to a decrease in the air exchange efficiency (n.) with increase value of
(n) as shown in Figure 6. This result explains the effect of cooled air, which moves down due to
convection from the chilled ceiling, and its disruption of hot rising air, which reduces the airspeed
in general. Reduces in air exchange efficiency (n.) means increase in time required for fresh air

to replacethe old air in a classroom zone, which affects student performance.
2.6 . Na% 7S
24 T
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65
60
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Figure 5 Mean air age profiles with height Figure 6 Air exchange efficiency at different (n)

Figures 7, and 8 show the profiles of PMV , and PPD for four cases, notes that the PMV, and
PPD values are improving with the increase value of n, and more converge to the values, which
specified by ASHRAE standard 2013 (-0.5< PMV < 0.5, and PPD=10%,). At a value of (1)

increase from (0%, 25%, 50% to 80%) the PMV decrease from (0.815, 0.783, 0.765, and 0.69)

10
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respectively that’s mean the increase in the portion of load treated by chilled ceiling lead to
improve thermal comfort.

Figure 9 shows the relation between ADPI and n, notes that the ADPI increases with increase 1,
it reaches to 81% at n equal to 80% and converges from the design goal specified by (ASHRAE

Fundamentals, 2001). That means the increase in value of (1) gives a more acceptable comfort

level.
E % %100
2 085 5 20 o
0.8 M < 80
. 19 60
0.75 18 .0
0.7 17 20
0.65 n% 16 % 0
0% 50% 100% 0% 50% 100% 0% 25% 50% 80% 1
Figure 7 PMV profile at Figure 8 PPD profile at Figure 9 ADPI profile at
different (n) different (1) different (n)

Temperature gradient with height is one of the properties that differentiate the displacement
ventilation system. Figure 10 show effect of chilled ceiling on the temperature distribution with
height at different value of (1). The temperature stratification decreases with increase (1) due to
the effect of the low temperature of the chilled ceiling and therefore decrease in air temperature
at the upper zone and it falls. This means that the increase in (1) value tends to decrease thermal
efficiency by 0.13 between 0—-80% values of 1 at constant supply air flow as shown in Figure 11
due to decrease in the exhaust air temperature. (ASHRAE Standard, 1984) found that the value
of temperature difference between foot and head of a seated about 2°C. As shown in Figure.12,
the decrease in temperature gradient with (1) leads to decrease in temperature difference between

head and foot of a seated by 1.8°C between 0-80% values of 1.

11
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Figure 13a-d shows the indoor removal speed of carbon dioxide and the time required for carbon

dioxide concentration to reach 400 ppm (According to ASHRAE Standard 62) starting from

1000 ppm for each case at different (n). The

results show that the increased load treated by

chilled ceiling at constant air supply flowrate (Qov) has a slight effect on the carbon dioxide

removing speed. The carbon dioxide concentration takes time about (1200s) to reach the supply

concentration value (400 ppm) for four cases at different (n). This result means that the carbon

dioxide removing speed depends on the amount of air flowrate supplied to the classroom, despite

the temperature change.
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Figure 13 Time required for remove carbon dioxide at different n

Figure 14a—d shows the mean air age distribution contours of the classroom for four cases at

z=1.1m. The age of air starts from zero at the air supply diffuser and increases in the indoor zone.

The age of air increase with room height and notes the maximum values of air age at zone up to

12
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diffuser location in four cases, that’s mean low air movement in this zone lead to increase in
pollution concentration and occupants discomfort in this zone. Increase value of (1) leads to
increase in the value of the age of air due to interchange the cool air coming from the cooling
ceiling and the hot air rise. Notes that the increase in air temperature near the human body by
convection leads to decrease in the age of air in this zone due to increasing air velocity around

the human body because of rising its temperature.

c-n=50% d-n=80%
Figure 14 Age of air contours at different (n) for four cases z=1.1m

CONCLUSIONS
The feasibility of displacement ventilation combined with the chilled ceiling has been studied

numerically by used ARIPAK software under the Iraqi-Hilla city climate (hot and dry climate).

The strategy of study is based on changing the cooling load amount, which treated by used chilled

ceil with respect to classroom cooling load at constant air flowrate by displacement ventilation.

The mean age of air and thermal comfort of the DV/CC system is investigated numerically.

Effect the relation between the mean local air age and temperature on comfort level are analyzed.

The main conclusions are found as follows:

1- The mean local air age increases with height and then begins to decrease at air closer to the
ceiling. The mean air age increase with increase in the portion of cooling load treated by
chilled ceil lead to reduce air exchange efficiency

2- (PMV), and (PPD) is improving with an increasing portion of cooling load treated by chilled

ceil tend to increase in ADPI value.

13
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3-

4-

The mean local air age increase with increase in the air temperature around the heat source.
Carbon dioxide removing speed, not effects with increase the supply temperature, and the
portion of load treated by chilled ceil at a constant airflow rate.
The temperature difference between head and foot was reduced with an increase in heat
remove by the chilled ceiling, and the temperature stratified being unclear.
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