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Abstract

People spend most of their time indoors. The high temperature in summer led to
increasing energy consumption to cover the need for air conditioning. A new
system should be studied instead of the traditional air conditioning system to
reduce the energy consumed. This study aims to investigate the possibility of
using a chilled ceiling with a displacement ventilation system (CC/DV) in hot
and dry climates by studying numerically several variables as the age of air, air
temperature, and thermal comfort parameters. Insulated and non-insulated office
rooms at the same internal heat gain were simulated as two cases by using
AIRPAK software. Each case has four tests based on the cooling load treated by
the chilled ceiling as (0, 25, 50 and 80% of total cooling load), it is equal to (370,
277.3, 185 and 74W) for insulated office case and (800, 600, 400 and 160W) for
non-insulated office, respectively. For two cases the supply air velocity was fixed
at 0.25 m/s with variable supply air temperature as (20, 21.5, 23, and 24.5°C) and
(18, 20.5, 23, and 24.5°C) for insulated and non-insulated office, respectively.
The walls and window for the non-insulated case were exposed to the external
climate at (47°C) (Irag/Hilla climate). The comparison between the two cases
depends on the age of air, temperature distribution, and air exchange efficiency.
In addition to that the study used the CBE tool (Center for the Built Environment)
which the building energy center produced to predict thermal comfort for each
test. The study found that the thermal comfort in insulated office room by used
(CC/DV) system was better than the non-insulated office while the air exchange
was more efficient by about (2%) in non-insulated office and the mean air age
was less than by about (150s) when compared with the insulated office.

Key words: Air age, Air exchange efficiency, Chilled ceiling, Displacement
ventilation, Thermal comfort.
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1. Introduction

The Iragi summer is characterized by high temperatures during the daytime,
especially in the middle and southern regions, which caused high-energy
consumption to cover people's need for air-conditions. According to Liu etal. [1],
energy consumption for a building is about (40%) of total energy consumption,
ventilation and air conditioning systems consume about (50%) of this energy
consumption. Therefore, a new system should be found instead of the traditional
air conditioning system to reduce the energy consumed. One of the new techniques
that could be used is a combined displacement ventilation system with a chilled
ceiling system (CC/DV). It is combined the displacement ventilation energy
efficiency with chilled ceiling energy saving [1], then the (CC/DV) system had a
low energy consumption compared with the traditional air conditioning system [2].

In addition to the energy-saving, most previous studies related to chilled ceiling
and displacement ventilation system found that the (CC/DV) system improved the
cooling efficiency [3]. The displacement ventilation system can improve human
health by moved the pollutant into the upper zone and reduce contaminant
concentration in the occupied zone [4]. The displacement ventilation is supply air
into zone at a low temperature and low speed to remove sensible heat and latent
heat while the chilled ceiling is used to treat sensible heat [3]. Therefore, the
displacement ventilation system is necessary for space conditioning when (CC) is
used. The maximum cooling capacity treated by displacement ventilation system
was about (40W/m?) of floor area [5], used chilled ceiling with displacement
ventilation system led to increasing the total cooling capacity [6]. (CC/DV) system
technology have premium advantages compared with other air conditioning
systems for example, more energy-efficient (about 20%), chilled ceiling saved
energy consumption by (30%) and (27%) of the peak power on average, chilled
ceilings used water flow at higher temperatures than fan coil units and provided the
best thermal comfort [7, 8].

One of the problems related to the (CC/DV) system is the condensation risk,
this problem was studied and solved by Jin et al. [9] investigated experimentally
and numerically the dynamic change of chilled ceiling surface temperature by
regulating the supply water flow rate to avoid condensation problem. The tested
room dimensions were (5x3x2.4 m). The water supply flow rate supplied at three
values (0, 0.12 and 0.24 m3/h) at constant temperature with total heat dissipation
was (240W). The results found that the maximum water flow rate (0.24 m?s) had
low risk of condensation due to decreased- differential temperature between chilled
ceiling surface and indoor air.

Guo et al. [10] studied numerically comparing novel operating strategy and
conventional one to discuss the humidity ratio and problem of condensation near
the chilled ceiling in an office room (4.5x4.5x2.5 m) under Shanghai (China)
summer periods. They found that the condensation risk could be prevented by
running the chilled ceiling system after indoor air temperature reached (2°C) less
than dew point temperature.

Amini et al. [11] succeeded to decrease condensation by used a dehumi-
dification coil up to the chilled ceiling. Kim and Leibundguta [12], Hao et al.
[13],Tian et al. [14] and Muslmani et al. [15] found many methods to solve
condensation risk at the chilled ceiling, as used desiccant dehumidification, and by
run the displacement ventilation system before running chilled ceiling.
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The energy consumption by used the (CC/DV) system compared with other
systems was studied by several researchers such as Bahman et al. [16], he
investigated the air quality and energy saving for (CC/DV) system and compared
it with conventional systems under (Kuwait) climate during August in an office
room at dimension (4.59x4.96x3.80 m). The chilled ceiling covered (80%) of ceil.
Two experimental cases were considered at different total cooling load of (73.85
and 47W/m?). The air supply temperature for two cases was (23.5°C) at velocity
(0.25 m/s) and chilled ceiling surface fixed at (16°C). (CC/DV) system was
compared with a conventional one at (100%) and (30%) fresh supply air ratios.
Experimental and numerical results at the same thermal comfort level and (IAQ)
showed that the energy consumption for (CC/DV) of (100%) fresh air system was
less than (50%) of the conventional system energy consumption. Chakroun et al.
[17], Seblany et al. [18] and Itani et al. [19] also proved that the combined (CC/DV)
system was more saving energy compared with the conventional system.

Indoor air velocity and temperature distribution by used a combined (CC/DV)
system were interesting by Rees and Haves [20], they studied experimentally and
numerically the temperature distribution and air flow of (CC/DV) system in the
room (5.43x3.08x2.78 m) located in (Hong Kong) with insulated walls. Internal
heat sources were simulated by using cuboid boxes with light bulbs at different
watts. Twelve tested made with different cooling load (small and large loads
varied between (6 to 72W/m?) by floor area). The air supply temperature, supply
water temperature and air change per hour varied between (16.4-20°C), (14-20
°C) and (1.5-51/h) respectively. They found that the thermal characteristics with
and without chilled ceiling remained without change in a lower room zone
(between 0.15-1 m), while at height between (1.2-2.6 m), the temperature profiles
became very similar. Also, Ayoub et al. [21], Kraj¢ik et al. [22], and Mateus and
Graga [23] found that the chilled ceiling had more influences on the air
distribution characteristics.

Yang et al. [24] presented a numerical study about the effect of chilled wall
location in office room (4.22x4.22x2.5 m) ventilated by (DV) system. Office room
modeled was studied with seven cases depend on the location of chilled walls. Each
case had the same surface temperature and area (17.8 m?). The cooling load in the
office room was fixed at (631W) by assuming the floor and ceil were adiabatic.
Both the air supply temperature and velocity were considered fixed at (18°C) and
(0.138 m/s) respectively. AIRPAK3.0 software was used to develop a room model
by using indoor zero equation as turbulence model. They showed that the position
of the radiant cooling surface at ceil was better thermal comfort.

Insufficient studies about (CC/DV) system was found in the Middle East as
(Lebanon and Kuwait), The (CC/DV) system not used in Iraq yet, then it is a good
start point to study the performance of this system in a hot and dry climate. The
present study investigates the possibility of adopting a chilled ceiling with a
displacement ventilation system in a hot and dry climate (such as Hilla (Iraq)
climate). In this area, most of the current buildings (governmental and others) were
built without thermal insulation, despite the high temperature in the summer.
Therefore, the study of non-insulated buildings should take up space from this
study. Indoor air age, air temperature, and velocity distribution, and thermal
comfort parameters were studied in insulated and non-insulated office rooms to
achieve these aims. The theoretical procedures depending on calculated the total
cooling capacity and estimating the actual values of supply air temperature and
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flow rate to achieve the best ventilation at different ratios of cooling load treated
by the chilled ceiling.

The originality of the present study can be summarized as:

o (CC/DV) system is used under a range of operating conditions in a hot and dry
climate (such as Hilla city (Irag) climate) to understanding the indoor air age
and analyses thermal comfort parameters.

o Evaluate the performance of (CC/DV) system (air quality and thermal comfort)
in insulated and non-insulated office room under a hot and dry climate.

2. Cases Study

Two cases are studied to investigate thermal comfort in hot and dry climates (Hilla
(Irag) climate). The cases are simulated as insulated (Case-1) and non-insulated
(Case-Il) office room at dimensions (3x2.5x2.5 m). The walls in the insulated
office are assumed adiabatic. In contrast, in the non-insulated office room the wall
with the window (1.25 m width x 1 m height) at the north side is exposed to outside
conditions (at maximum summer temperature in Hilla city (47°C) [25]). West wall
with door oriented to the inside corridor. Other walls assume as adiabatic. Figure
1(a) shows the non-insulated (i) and insulated (ii) office room equipped with
displacement ventilation device and chilled ceiling. The office room is occupied by
two persons, two personal computers and overhead light as heat sources. The
chilled ceiling covered (80%) of the ceiling area.

In Iragi buildings, the non-insulated walls are mainly formed from multi-
materials. The thickness of the wall is (30 cm) and consists of four layers from
inside to outside (gypsum plaster (2 cm), cement plaster (2 cm), common brick (24
cm) and cement plaster (2 cm)) as shown in Fig. 1(b).

Exhausted grill
Window

Chilled ceiling

25m

- 3m
(i) Non-insulated office. (ii) Insulated office.

Fig. 1 (a). schematic diagram for the tested room.
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Fig. 1(b). Heat transfer through the side walls and their components.

Four tests were studied for each case depending on the ratio of cooling load
treated by the chilled ceiling with respect to the room cooling load (n) as shown in
Eqg. (1) [26]. The tests for each case are simulated with four values of (1) as (0, 25,
50, and 80%). The age of air, air temperature, velocity distribution and comfort
parameters are predicted in this study.

Clee
CLpy+CLec

The walls in Iraqi buildings were formed by multiple materials (gypsum plaster
(2 cm), cement plaster (2 cm), common Brick (24 cm), cement plaster (2 cm)) from
inside to outside with a thermal conductivity coefficient equal to (0.48, 1.16 and
0.69W/m?2.K) respectively [27].

n= M)

3.Cooling Load

The heat gain was divided into two parts, occupants, computers, while the second
part was heat from the non-insulated walls and windows by conduction and
radiation heat gain [27]. The ambient temperature due to the Hilla climate (hot and
dry climate) assumed (47°C) at (30%) relative humidity.

In this study, the method specified by ASHRAE Handbook, 2013 (cooling load
temperature difference method) [28] used to estimate the heat gain through walls
and window for non-insulated office room as the following equations, [28]:

Q=UxAxCLTD¢ (2)
1
U= ®)
1 X1 1 Xn
Rth:h_i+k_1+ ....... +E+E (4)
The CLTDc calculated as, [28]:
CLTD, = ((CLTD+LM)xK+((25.5.5-T) + ((T,, — 29.4) (5)
DR
Tn=17—— (6)

2
For door and window
CLTD; = CLTD+(25.5.5-T)) + ((T,,, — 29.4) @)
Heat gain through the window by radiation can be calculated by used Eq. (8), [28]
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Q, =AxSCxSHG*CLF (8)
Equation (9) used to calculate corridor temperature
2
Tcorridor = Ti + 3 ((Ti'To) (9)

Table 1 shows the details of total heat gain for insulated and non-insulated office.

Table 1. details of internal and external heat gain for two cases

ltems No Case-I Cgse-ll (Non-
' (Insulated) insulated)

Person 2 75 W per person 75 W per person
Lights 1 100 W 100 W
Personal Computer 2 60 W 60 W
West wall - 101 W
North wall - 105 W
Window - 157 W
Door - 67 W
Total heat gain 370W 800W

To calculate the supply air temperature (Ts) and flow rate (Vpv) (to cover
cooling load treated by displacement ventilation) the method developed by
Skistad et al. [29] and Chen and Glicksman [30] are used as shown in the
following equations:

_0.29500e+0.132;+0.185qex

Voy = T (10)
_ __ Arlov

Ts=TarAThr = 555 VByt1245V py (11)

where

CLDV=q06+ qi + Gex (12)

CLpy=p QDVCp((Te' ) (13)

By assuming the different temperature between head and foot for occupant (ATh)
and design room temperature (Tq) equal to (2 °C) and (25 °C) respectively [31].

The supply air velocity is fixed at (0.25 m/s) for two cases (at (45l/s) for non-
insulated office and (35I/s) for insulated office), the supply air temperature (Ts)
varied with the value of cooling load covered by displacement ventilation (CLpv).

4.Chilled Ceiling Surface Temperature

The chilled ceiling surface temperature is an important factor affecting thermal
comfort in the (CC/DV) system. An empirical equation is used to find a chilled
ceiling surface temperature as following [32]:

0.9
CL
Too=Tos ~ () (14)

where (f) is the ratio of chilled ceiling area to floor area, in this study (f) equal to (0.8).

After using the above equations the values of air supply and chilled ceiling
surface temperature with different value of () shown in Table 2. for the two cases.

Journal of Engineering Science and Technology August 2022, Vol. 17(4)



2964 A. A. Shbeeb et al.

Table 2. operating conditions for the two cases at difference ().

n ClLov Clcc Vov Ts Tec

Cases TS5 o) (W) (W) (m¥) (C) (C)
Case-1  Test.1-1 0 370 0 0.35 20 -
Test.1-2 25 277.5 92.5 0.035 21.5 225
Test.1-3 50 185 185 0.035 23 21.2
Test.1-4 80 74 296 0.035 24 194
Case-2  Test.2-1 0 800 0 0.045 18 -
Test.2-2 25 600 200 0.045 20.5 215
Test.2-3 50 400 400 0.045 23 19
Test.2-4 80 160 640 0.045 24.5 16

5. Air Supply Diffuser

The displacement ventilation system principle showed that the air supply velocity
should be at a low speed between (0.2-0.35 m/s) as specified by Chen and
Glicksman [30] and Awbi [33]. In this study the supply air velocity assumed (0.25
m/s) for the two cases, air supply diffuser used in this study is semi-circle diffuser
at dimensions (42 cm height and 21 cm diameter) for insulated office and (42 cm
height and 32 cm diameter) for non-insulated office to cover (35 and 45l/s) for case-
I and case-1l, respectively. The air supply diffuser for two cases located at the
midpoint of the north wall side at (5 cm) height from the floor.

6. Numerical Analyses Strategy

AIRPAK.3.0.16 is a CFD software used to simulate cases in a (CC/DV) system.
Several researchers used AIRPAK.3.0.16 in numerical studies such as Ayoub et al.
[34], Gao et al. [35], and Yang et al. [36].

The structure of AIRPAK software includes four main stages, its:

i. Build model: Building objects based on the predefined objects as (rooms,
person, blocks, fans, etc.) and gives the boundary conditions for the model.

ii. Generate mesh: The model is divided into discrete elements. AIRPAK
software will solve the equations which govern the heat transfer and flow
within these elements.

iii. Calculate solution: When the solution being, the AIRPAK software check
the model, save a project, and start performs several operations.
preprocessing to solve the governor equations at each node in the model.

iv. Examine results: After the solution is fished, the results can be examined
as (air temperature, air velocity, PMV, PPM, ADPI, etc.)

The two equations turbulence model (RNG k- ¢) is a good choice to predict and
analyses cases in this study. Shbeeb and Mahdi [37], Chen [38], and Yakhot et al.
[39] found that the (RNG k- ¢) turbulent model was acceptable with displacement
ventilation system compared with other models.

Inlet velocity, no-slip condition, and constant heat flux were set as a boundary
for air supply, walls, door, and window, respectively. Zero pressure conditions are
used as a boundary for exit air. A second-order upwind scheme was used to describe
temperature, energy, and velocity. The pressure staggering option (PRESTO) is

Journal of Engineering Science and Technology August 2022, Vol. 17(4)



T,°C

Numerical Investigation of Office Room Ventilation by Adopting . . . . 2965

used to describe pressure with body force weighted. Semi Implicit (SIMPLEC)
scheme used for the coupling between velocity and pressure. The AIRPAK.3.0.16
solves the governing equations for steady-state, three-dimension, and
incompressible flow for continuity momentum and energy equation as shown in the
following equations respectively [40].

v.v=0 (15)
5 (07) +V.((pvv) = ~VP + V(D) + pg (16)
2 ((ph) + V. ((phv) = V.[(K + K,VT)] +5, 17)

Mesh independent test depending on five mesh strategy by increase nodes
number. Hexa Cartesian mesh type was used depending on many previous studies
such as Gao et al. [35], Ayoub et al. [34], and Yang et al. [36]. Four positions were
chosen to test the stability of temperature and air age results as P1(0.5, 0.5, 1.25),
P2(0.5, 1.8, 1.25), P5(0.75, 1.1, 0.5) and P4(2.75, 1.1, 0.5). Figure 2 shows the
profiles of temperature with the five numbers of nodes for two cases. The tested
process found that the acceptable nodes number are (422011 and 392274) for case-
I and case-1l, respectively. Figure 3 shows a part of the meshed models.

30 30

5 Hoint—l

28 nomt—l 29 peint-2
oint-2 28 point-3
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i o 7 point-4
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n | }D_— o \/‘_—0
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) e e
——— . —
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21

i : Node number ” Node number
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(a) Case-I (b) Case-II

Fig. 2. Profiles for five different node numbers per thousand.

Supply
diffuser

Z

Fig. 3. part of the meshed model.

Journal of Engineering Science and Technology August 2022, Vol. 17(4)



2966 A. A. Shbeeb et al.

7.Human Comfort Parameters

The local mean age of air, Predicted Mean Vote (PMV), Predicted Percentage
Dissatisfied (PPD) and Air Diffusion Performance Index (ADPI) are predicted in
this study to investigate adopting the (CC/DV) system in a hot and dry climate.

The local mean age of air is defined as the time required to replace old air with
new fresh air at a specified location in a room [41]. Assumed the age of air particle
is f(tr) and arrived air particle time to a given location (r) is between (t) and (t +dt),
and F(tr) that this age is larger than (t), then the two functions related as [42]:

f((r) == (18)
F((t)=1-, f((z,)dt (19)
dF(r,) = [t (O dt = [ F(©) dt (20)

ASHRAE standard 2013 [43] specified acceptable value of PMV and PPD which
gave the best thermal comfort, at the range was between (-0.5 < PMV < 0.5) and (PPD
<10%). Egs. (21) and (22) are used to calculate PMV and PPD respectively, [43].

PMV=[0.303 exp((-0.036M)+0.028]L (21)
PPD=100-exp-[0.03353((PMV)*+0.2179((PMV)?] (2)

ADPI used to satisfy the comfort level. It is estimated as a ratio of the number
of points in the occupied zone that have effect draft temperature (EDT) value
between (-1.7 and 1.1 °C) to the total number of points in the same zone [44].

8. Validate AIRPAK Software

The AIRPAK Software was validated with the experimental case study related to
(CC/DV) system conducted by Rees and Haves [20]. The comparison was
dependent on air temperature distribution with height on the vertical line at point
(0.7, 1.54) on the XZ plane. The (RNG k-£) turbulent model gave a good agreement
between experimental [20] and simulated results at average error equal to (3.27%)
as shown in Fig. 4.

E)%p. \Q’orl\;z[l()l(
Airpak software

Height, m

0.57

ol T.C
20 21 22 23 24 25 26 27 28 29 30 31

Fig. 4. Validation of AIRBAK software with experimental results found by [20].
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9. Results and Discussion

The numerical results for insulated office room (case-1) are compared numerically
with non-insulated office room (case-Il) to examining the air age and thermal
comfort parameters in (DV/CC) system under a hot and dry climate (Hilla (Iraq)
climate). Each case has four tests depending on a portion of the cooling load treated
by the chilled ceiling (0, 25, 50, and 80%). Table 3. shows the main numerical
results for insulated (case-1) and non-insulated (case-11) office room, respectively.

Table 3. main numerical results for (cases-1 and I1).
T MRT  ADPI PPD  ATw 1a

Cases "o g e MY ) o) o) ®

Case-1 0 23.7 25.2 51 0.427 10.7 2.7 77.9 1.48
25 24.3 24.3 534 0.38 8.3 1.8 745 1.39
50 24.9 24.13 67.8 0.35 8.36 1.2 69.4 1.26
80 25.2 245 747 0.31 8.37 0.6 68.6 1.16

Case-2 0 24.8 30 42.7 0.81 23.6 3.6 79 1.32
25 26 28.8 48.3 0.74 21.3 2.9 772 1.25
50 26.6 28.6 56.6 0.54 15.9 2.1 726 1.16
80 26.2 28 72.6 0.536 15.7 1.7 69.3 1.15

9.1. Air age profile comparison.

Figure 5 shows the average air age with height level for insulated and non-insulated
offices at different (). The average air age increase with height and (n) in each
case due to the decrease in child ceiling surface temperature. That is lead to a
decrease in air temperature near the chilled ceiling. After that, the air in the upper
layer begins to fall and meets the rising hot air, which leads to a decrease in its
velocity and increases in the air age. If compared between two office rooms
(insulated and non-insulated) notes that the average air age in non-insulated office
room under (0.4 m) is less than by about (75 s) compared with the insulated room.
This difference reaches about (150 s) in the zone over 1 m due to the effects of heat
gain from window and wall. The heat gain from window and walls in the non-
insulated room lead to an increase in air temperature and velocity.

That is caused a decrease in average air age in the zone over 1 m height level. The
average air age values at the (0.1 m) height level (near of floor) has minimum
difference value between insulated and non-insulated office room at () between (0-
50%). This is due to the supply cooled air moving near the floor and it is not yet
affected by the heat gained from the walls and window. At (n=80) notes the average
air age for two office rooms at height level (0.1 m) has a high difference from other
value of (n) at the same level. This is due to the supply air temperature was (24 °C
and 24.5 °C) for insulated and non-insulated office room, respectively. This supply
air temperature is near to average room design temperature (25°C) and the effects of
bouncy force are little, then the air supply flow rate has more impact on the air age.

Figure 6 shows the comparison of air exchange efficiency between insulated
and non-insulated office room at different (n). The air exchange efficiency
decreases with an increasing portion of cooling load treated by the chilled ceiling
(m). It is between (77.9 to 68.6%) in the insulated office room and between (79-
69.3%) in the non-insulated office room. The air exchange efficiency for non-
insulated office room is higher compared with insulated office. This is due to the
large supply flow rate used to cover heat gain from walls and window in the non-

Journal of Engineering Science and Technology August 2022, Vol. 17(4)



2968

insulated room. Add to that the heat gain from walls and window tend to rise indoor

A. A. Shbeeb et al.

air velocity and decrease the age of air.
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Fig. 5. Comparison of the average air age with height level
between insulated and non-insulated office at different (n).
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Fig. 6. Comparison of the air exchange efficiency
between insulated and non-insulated offices at different ().

To understand more details about mean local air age. Figure 7(a) and (b) show
the contours of mean air age for the insulated and non-insulated office room
respectively in three planes at (x=2.75 m, y=0.1 m, and z=0.25 m) at a different
portion of cooling load treated by the chilled ceiling (). The comparison was based
on the maximum value of air age at (n=0) which equals (527 s and 387 s) for
insulated and non-insulated offices, respectively. The mean air age for insulated
offices is larger compared with non-insulated office room. This is due to the
difference in air supply flow rate (0.035 and 0.045 m?s) respectively. Add to that,
the heat transfer by conduction through non-insulated wall and window lead to
raised air temperature by convection. This caused an increase in air velocity and a
decrease in mean local air age.

The mean air age (represented by red area) near tceil was increased with
increased (n) to reach to (598 s and 387 s) for insulated and non-insulated office
respectively at (n=80%). This is due to the air near the chilled ceiling is cooled by
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convection and move down, lead to minimizing velocity of the rising hot air. The
heat transfer by convection between occupants (heat sources) and the air around
them caused an increase in air temperature near the heat sources and decreased the
age of air in this zone (represented by green area). This is due to increased air
velocity around the human body. This green area reducing with an increased
portion of cooling load treated by chilled ceiling due to increase in air age and
approaching the red area.

Mcan age of air
3 9 Meesn age of air

527.083 s%4ice
461.198 58,550
Ag5an2 393.050
329.427 327.541
263.541 262.033
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n=0% 1=25%
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476.395 523.280
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340.202 373.711
272.226 299.017
204.169 224.263
136.113 149.509
66.0564 74.7542

0.000000

0.000000

Mean aqge of air
5

n=50%

Fig. 7. (a) Air age contour for Case-I
at x=2.75m, y=0.1 m and z=0.25 m at different (n).
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at x=2.75 m, y=0.1 m and z=0.25 m at different (n).
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9.2. Air temperature distribution comparison.

Figure 8 shows compared air temperature with a height between insulated and non-
insulated office rooms at different (n). The comparison is based on the temperature
difference between indoor air temperature and air supply temperature to understand
the indoor air temperature rising with height. The air temperature increases with
height in each case and at each value of (n). These phenomena are unique to the
displacement ventilation system. If compared between insulated and non-insulated
office rooms, notice that the non-insulated walls and window lead to raised indoor
air temperature, which is at a level of about (0.8 m).

The temperature difference between the two cases reduced from (3°C) to
(1.5°C) with an increased portion of load treated by chilled ceiling between (0 to
80%). Under (0.8 m) level the difference in rising indoor air temperature (compared
with supply air temperature) between non-insulated and insulated office rooms
does not exceed (1°C) especially with an increase value of (r). The reason for that
is due to the air near the floor is colder than in other zones.
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Fig. 8. Comparison of the air temperature with height between two cases.

The rising in air temperature is maximum in the zone near of ceil, and air
temperature difference in this zone being decrease with increase portion of load
treated by the chilled ceiling. This is due to increase in chilled ceiling surface
temperature, after that the air goes outside the room by the exhaust grille, which is
located in the middle of the ceil, decrease in exhaust air temperature leads to a
decrease in temperature distribution effectiveness (&) as shown in Fig. 9.

Figure 9 shows the comparison of temperature distribution effectiveness (s:) at
different (n) between insulated and non-insulated office rooms. The (&) in the non-
insulated room is less than the insulated room at each value of (n). This result gives
more advantage to the insulated office room.

Figure 10 shows the comparison of the temperature difference between the head
(at level 1.1 m) and foot (at level 0.1 m) at different () between insulated and non-
insulated office rooms. This factor represented locally specific conditions that
affected thermal comfort. For non-insulated office rooms, notes that the
temperature difference between head and foot (ATws ) decrease with the increase
value of (). This is due to the decrease in air temperature gradient with () between
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(0-80%) lead to decreasing in temperature difference between head and foot but
notes that the (AThs) in non-insulated office room (at each value of n) is higher by
about (0.75°C) compared with insulated office room. This is due to the faster rising
in indoor air temperature by non-insulated walls and window. This increase in
(AThy) caused discomfort for an occupant.

1.5
1,48 insulated office room : ipsulgted offjce yoom ,
N hon-insulated office room 3.5 non-insulated office room
1.35 Ahf e
gt l.3‘ 25
1.25 2
1.2 1.5
1.15 1
1.1 0.5
1.05 0
1 0 10 20 30 40 50 60 70 80
0 10 20 30 40 50 60 70 80 90
n %
Fig. 9. Comparison of temperature  Fig. 10. Comparison of temperature
effectiveness at different (n) difference between head and foot at
between insulated and non- different (n) between insulated and
insulated office room. non-insulated office room.

9.3. Thermal comfort parameters

Figure 11 shows the comparison of average Predicted Mean Vote (PMV) between
insulated and non-insulated office rooms at different (n). The average value of
mean (PMV) for the non-insulated room has the same behaviour for the insulated
office room. Its decreases by increasing the value of portion load treated by the
chilled ceiling. If compared between insulated and non-insulated office rooms, the
PMV value in the non-insulated office is higher than in the insulated office. The
values of (PMV) for non-insulated office rooms are between about (0.81-0.53) for
(n) between (0-80%) respectively. These values do not achieve with the PMV value
specified by ASHREA slandered (0.5<PMV<0.5). While the PMV value for
insulated office is between about (0.427-0.31) for (n) between (0-80%)
respectively, it is more closely of (PMV) value specified by ASHREA slandered.

The average value of (PPD) is related to the average (PMV) value. Then its
decrease with the increased value of (n) also, as shown in Fig. 12. The values of
(PPD) for non-insulated office room are between about (23.6- 15.7%) for (n)
between (0-80%) respectively. These values do not achieve with the PPD value
specified by ASHREA slandered (PPD<10%). While for insulated office notes that
the (PPD) values are between (10.7+ 8.37%) for (1) between (0-80%) respectively
and its achievements with the PPD value specified by ASHREA slandered. The
value of (PPD) for Insulated office is higher compared with is value in non-
Insulated office regardless of the value of (n).

The above results for (PMV) and (PPD) give more thermal comfort advantages
for the insulated office room in a hot and dry climate.

To understand the effect of non-insulated walls and window on the local thermal
comfort in terms of Predicted Mean Vote (PMV). Figures 13(a) and (b) show the
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Predicted Mean Vote (PMV) contours in the non-insulated office room for three
planes at (x=2.75 m, y=0.1 m and z=0.25 m) at a different portion of cooling load
treated by the chilled ceiling (). In general, the (PMV) value in an insulated office
is less than its value in a non-insulated office. The (PMV) value in non-insulated
office room increase by about (0.15) compared with the insulated office. These
results mean that the indoor air in the non-insulated office is warmer than the
insulated office (depending on the PMV values specified by ASHREA),
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Fig. 11. Comparison of average Fig. 12. comparison of mean Predicted

Predicted mean vote (PMV) at percentage dissatisfied (PPD)at
different (n) between two cases. different (n) between two cases.

From the PMV counter plane at (z= 0.25 m) in the non-insulated room, notes
that the maximum value of (PMV) is located in the zone over the occupant that sits
near a non-insulated wall in the north side regardless of the value of ().
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Fig. 13(a). PMV contours for case-l at (x=2.75 m, y=0.1 m and z=0.25 m).
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Fig. 13(b). PMV contours for case-11 at (x=2.75 m, y=0.1 m and z=0.25 m).

Figure 14 compares air diffusion performance index (ADPI) at different (n)
between insulated and non-insulated office rooms. The (ADPI) in two rooms
increases with an increase in the cooling load treated by the chilled ceiling by about
(7%) as average. The (ADPI) for insulated office room is higher than non-insulated
office by about (between 1 to 6%) at a different value of (). The difference of
(ADPI) between insulated and non-insulated office being fading at high value of
(m), its reach to only about (1%) at (1=80%).

801 |insulated office room

75+ ‘ngn—igsulgted ofl‘ige rgom|
70+

ADPI %
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Fig. 14. Comparison of air diffusion performance
index (ADPI) at different (n) between two cases.
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Figures 15 and 16 show thermal comfort conditions for non-insulated and
insulated office rooms at different () by used center for the Built Environment tool
(CBE tool) produced by the building energy center. By observing the location of the
red circle point concerning thermal comfort zoon (blue colour zoon), notice that the

thermal comfort does not achieve in non-insulated office, and the increase in portion

load treated by chilled ceiling gives more thermal comfort for occupants. The mean
radiant temperature is an important factor to specify the thermal comfort zone. The

thermal comfort zone tends to the right side with a decrease mean radiant temperature.
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Fig. 15. Thermal comfort conditions by using CBE
tool for non-insulated office case at different (n).
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Fig. 15. Thermal comfort conditions by using CBE
tool for insulated office case at different (n).

10. Conclusions

In this paper, displacement ventilation with a chilled ceiling system was investigated
numerically in a hot and dry climate (Hilla (Iraq) climate) as a new system in this
region. For this purpose, insulated and non-insulated office rooms were studied as
two cases. Each case had four tests based on the value of the cooling load treated by
the chilled ceiling. The details of the air age, air temperature distribution, and thermal
comfort parameters as (PMV, PPD and ADPI) were investigated for each case. The
results of the present study can be summarized as follows:

e The (CC/DV) system gave the insulated office room more advantage compared
with the non-insulated room under hot and dry climate in terms of thermal
comfort for occupants depending on the results of the (MRT), (PMV), (PPD)
and (ADPI) and according to the (CBE) tool. These parameters had high
values in a non-insulated office room.

e The mean air age in insulated office room by used (CC/DV) system is
larger by about (150 s) compared with non-insulated office, which is mean
the exchange air more efficient (by about 2%) in the non-insulated room.
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In addition to that, the local air age increase with room height regardless
of the value of cooling load treated by chilled ceiling. The zone among the
heat sources had a minimum value of air age due to high air velocity in
this zone.

In displacement ventilation with and without chilled ceiling, and for
insulated and non-insulated office, the cooled air supplied from the diffuser
was heated when it passes on the floor and being rise caused stratified layers
in the indoor air temperature. This stratified decrease with an increased
portion of cooling load treated by chilled ceiling. The variation of air
temperature with height was nearly linear with the increased value of
cooling load treated by chilled ceiling.

For insulated and non-insulated office, the temperature difference between
head and foot for a seated person decreasing with increase portion of
cooling load treated by the chilled ceiling and it is directly proportional
with chilled ceiling temperature. The temperature difference between head
and foot for insulated office was minimum values compared with non-
insulated office.

For the insulated and non-insulated office, the temperature distribution
effectiveness decreases with increasing the cooling load portion of cooling
load treated by the chilled ceiling. The temperature effectiveness value in non-
insulated office was more significant than its values in insulated office.

The (CC/DV) system has been evaluated numerically and suggests that the
system operates efficiently in an insulated room, further experimental studies are

required to investigate in future work.
Nomenclature
A Wall surface area, m?
C Specific heat of the air, J/kg.°C
CL Cooling load, W
DR Daily rang for outlet temperature, °C
f Ratio between chilled ceiling and floor area
G Gravitational acceleration, m/s?
h Convection heat coefficient, W/m?.K
K Color factor correct or heat transfer coefficient, W/m.K
LM Corrector latitude and month
P Pressure, N/ m?2
q Heat transfer through the wall, W
R Thermal resistance, m2.K/W
RH Relative humidity, %.
T Temperature, °C
u,v,w  Velocity componentsin, X, y, and z axes, m/s
\Y Air supply flow rate, m¥/s
Greek letters
n Cooling load covered by chilled ceiling to the total cooling load
p air density, kg/m?
T Time constant, s
&t Temperature effectiveness
AT Temperature difference, °C
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Abbreviations
ADPI Air Distribution Performance Index

AV Average

amp Ambient temperature, °C

CLT Cooling load temperature difference
D Depend on type of wall, °C

CLF Cooling load factor

CFD Computational fluid dynamics
DV Displacement ventilation

LAQ Indoor air quality

MRT Mean radiant temperature

RNG Re-Normalization Group

SC Shadow coefficient

PMV Predicted mean vote

PPD Predicted percentage dissatisfied
SHG Solar heat gain

Sub - Scripts
c Correct
cc Chilled ceiling
f Floor
hf Head to foot level.
i Inside
n Nominal
0 Outside
oe Occupants and equipment
p Person
r Radiation
rd Room design
S Supply
th Thermal
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