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Numerical Simulation of Air Velocity and
Temperature Distribution in an Office Room
ventilated by Displacement Ventilation System

Qasim Hammodi Hassan*, Sabah Tarik Ahmed**, Ala'a Abbas Mahdi***

Abstract— In this study, a computational fluid dynamics (CFD) was used to simulate air velocity and temperature distribution fields for a three

dimensional displacement ventilation system according to Iraqi climate. This study involved the solution of three dimensional partial differential equations
for the conservation of mass, momentum, energy, turbulent energy and its dissipation rate. The finite volume method and the standard (k-€) turbulence

model were employed to solve the governing equations numerically.

A modified version of a three dimensional computer program FLUENT (6.3.26) was used to simulate the complex flow inside the room. The
present computational program was validated by comparing the numerical results with experimental data of other study, This comparison show a good
agreement. Two main cases were studied with respect to the number of heat sources which were:-

1. Case I: Includes ventilated room with single heat source and one person.

2. Case II: Includes ventilated room with double heat sources and two persons.

The effect of ventilation rate corresponding to supply velocities (0.25-0.35 m/s) which is recommended by ASHRAE 2007, supply air temperatures
(17 & 19°C) and exhaust grille location on the thermal comfort were investigated based on air distribution performance index (ADPI) in the room.
For case | with a heat source of (50 W/mz) heat rejected, the ventilation rate is equal to (6.84 ACH), and supply air temperature of (19 °C) is needed to
give better thermal comfort with ADPI equal to 83.6%. For case Il with double heat sources each with (50 W/mz) heat rejected, (8.30 ACH) ventilation
rate and supply air temperature of (19°C) were needed to get ADPI equal to 83.6%.

Keywords— CFD, Thermal comfort, Displacement ventilation.

1 INTRODUCTION

he main aim of conditioning the interior environments

of buildings is to provide a comfortable and healthy
indoor environment. Increasingly, concern is being expressed
over the quality of the indoor environment, where by failure
to provide satisfactory thermal conditions has resulted in
many reports of discomfort and ill health. As such, there has
been a constant need to study the thermal conditions of these
indoor environments. Numerous studies have been
conducted to explore the conditions of residential and
commercial buildings, in which occupants spend large
amount of their time every day.

The objectives of HVAC systems are to provide an
acceptable level of occupancy comfort and process function,
to maintain good indoor air quality (IAQ), and to keep
system costs and energy requirements to a minimum [1].

In good health, the thermo-regulatory system of the
body exercises automatic control over the deep tissue
temperature by establishing a correct thermal balance
between the body and its surroundings. Apart from the
matter of good health the comfort of an individual also
depends on this balance and it might therefore be interpreted
as the ease with which such a thermal equilibrium is
achieved. ASHRAE Comfort Standard 55-74 goes further and
defines comfort as '.. that state of mind which expresses
satisfaction with the thermal environment..' but points out
that most research work regards comfort as a subjective
sensation that is expressed by an individual, when
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questioned, as neither slightly warm nor slightly cool [2]. The
recommended temperature range inside the offices for better
thermal comfort between (23-26°C) [3].

Displacement ventilation increase the indoor air quality
(IAQ) and saving energy in air conditioning and ventilation
systems [4]. Displacement ventilation systems use very low
discharge velocities, typically (0.25-0.35 m/s), to deliver cool
supply air to the space. The discharge temperature of the
supply air is generally above (16°C) [5]. The cool air is
negatively buoyant compared to ambient air and drop to the
floor after discharge. It then spreads across the lower level of
the space and it is slightly heated as it passes over the floor
surface. Buoyant plumes are developed around any warm
objects in the room, such as people and electrical equipment.
Each plume increases in width as it rises and entrains more
air from the surrounding cooler air. This warm (and
contaminated) air rises until it reaches an upper zone
bounded by the ceiling.

The literature includes many investigations related to
the topic of ventilation inside an enclosure. Kobayashi. N and
Chen. Q, (2003), studied the performance of a floor-supply
displacement ventilation system using computational fluid
dynamics (CFD), and demonstrates that, If the cooling load is
high, the air change rate should be carefully selected to avoid
a large temperature gradient [6]. Yukihiro Hashimoto, (2005),
investigates airflow in an office room with a displacement
ventilation system parametrically using three-dimensional
CFED. The stratification profiles in the room depend especially
on the supply air velocity [7]. Khudheyer S. Mushatet, (2006),
used a two-dimensional turbulence (k-g) model to predict the
distribution of air velocity, temperature and turbulence
kinetic energy in a ventilated room using different positions
of inlet and outlet apertures [8]. Lau ]. and Chen Q., (2007),
reported the investigation of the performance of floor-supply
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displacement ventilation with swirl diffusers or perforated
panels under a high cooling load [9]. Z. Trzciakiewicz, (2008),
presents the results of tests of the two-zone airflow pattern
that forms in a room with displacement ventilation under
condition of various heat sources and airflow rates [10]. Q.
Kong, B. Yu, (2008). Present a numerical prediction using
computational fluid dynamics (CFD) utilized to investigate
air temperature stratification in a room with an underfloor
air distribution (UFAD) system [11]. J. Xaman et al.(2009),
presented a numerical study of conjugated heat transfer in a
ventilated cavity in order to analyze temperature distribution
effectiveness inside it, and four configurations for the outlet
of air were considered [12]. Kisup Lee et al. (2009), compared
the airflow, air temperature, and contaminant or air
distribution effectiveness distributions in indoor spaces
between the traditional displacement ventilation (TDV) and
under-floor air distribution (UFAD) systems [13]. A. H. Taki
et al. (2011), carried out experiments and CFD simulations to
test the use of a honeycomb slats system for suppressing
downward cool air currents in a combined chilled
ceiling/ displacement ventilation environment [14]. S. J. Rees
and P. Haves. (2013), studied the characteristics of
displacement ventilation and chilled ceiling panel systems by
making temperature and air flow measurements in a test
chamber over a range of operating parameters typical of
office applications [15].

The numerical and experimental studies in the previous
section have emphasized the importance of displacement
ventilation system as provide a good indoor air quality. The
aim of this paper is to evaluate the usefulness of CFD
techniques in modeling room air flow. Using FLUENT
(6.3.26) program to investigate the velocity and temperature
distribution change with changing the ventilation rate,
supply air temperature and exhaust grille location for an
office room with different arrangement.

2 MATHEMATICAL FORMULATION AND NUMERICAL
SOLUTION
2.1 Governing Equations

The conservation equations which govern the

continuity, momentum and energy at constant density in a
cartesian coordinate can be presented as follows:

2.1.1 Conservation of Mass: The change in mass flow
within a control volume must be equal to the mass flow in
minus the mass flow out through the control volume
surfaces, since mass cannot be created or destroyed. This can
be expressed mathematically for an incompressible fluid as:

- (pw) * 37 (pv) + 5 (pw) =0 (1)

where u, v and w were the three components of velocity
corresponding to the x , y and z respectively.

2.1.2 Conservation of momentum (Navier—Stokes
equations): The momentum equations that govern the flow
of fluid are derived from Newton’s second law of motion (the

conservation of momentum). The equations are called
Navier-Stokes equations, and for a three dimensional
incompressible fluid take the form:

x-direction (U-momentum):

a a a _ 0P a du a du a
25 (Pun) + 5 (puv) + - (puw) =2+ L (w 52) + 2 (w0) +

()« s s - e

0, =1, 0 T
S PUV)+S (puw)+pgx ©)

y-direction (V-momentum):
P, d

5 (puv) + 2 (ov) + 2 (pvw) =+ 2 (W) + L (n5) £
%) + 3 5 G+ v e
ad

[ -
HPYV)+S (pvw)+pgy )

z-direction (W-momentum):
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2.1.3 Conservation of Thermal Energy: The

following equation represents the transport of heat within the
flow field.

a a a N 9 (Lot , @
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(F%) + 2 (out) +aiy(_pW) +2 (—pw't') + St ©)

The terms -pu't’, —pv't’ and —pw't’ are the turbulent
heat fluxes, St is a source term allowing for the rate of
thermal energy production [16].

2.2 Mathematical Model

FLUENT version (3.2.26) and GAMBIT software were
used to create and grid the rooms geometries and then to
simulate room air distribution for two main cases.

A turbulence model in CFD calculations is a
computational procedure to close the system of mean flow
equations (1) to (5) to enable numerical calculation of these
equations. The task of a turbulence model therefore is to
express the Reynolds stresses in equations (2) to (4) and the
turbulent heat fluxes in equation (5) by a set of auxiliary
equations (differential and/or algebraic) containing time-
mean quantities of the flow [16].

The distribution of eddy viscosity throughout the flow
domain must be established in order to calculate the
momentum and heat diffusion coefficients for turbulent
equations. This is the job of the turbulent model. The model
used in the present work has been the most widely applied,
and is commonly referred as the standard k-e model. The
eddy viscosity at each grid point is related to values of
turbulence kinetic energy (K) and the dissipation rate of
turbulence energy (), [17]:
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Where CD is the empirical constant. The turbulent energy is
defined by the fluctuation velocities:

K=2?+vZ+w?) 7)
The local distribution of (K) and (¢) require the solution of
two additional transport equations, which are divided from
the Navier-Stokes equation. The (K) transport equation is:
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Empiricism is introduced into the model through the five
constants (C1, C2, CD, ok and oe) which are assigned the
values given in table (3-1) [16 and 17].

Table (1) Constants of turbulence model
C1 C2 CD ok oe
1.44 1.92 0.09 1.0 1.3

In the present study, the experimental test room, due to
Ref. [15], was used as a case study model, the test chamber
having internal dimensions of (5.43 m) long, (3.08 m) wide
and (2.78 m) high. The displacement ventilation system air
supply was via a semi-cylindrical diffuser (0.7 m) high and
(0.4 m) diameter that is on the centerline of one of the shorter
walls at low level.

Also, in the current study, further complications like
adding persons and solid tables with thermal boundary
conditions according to climate of Iraq were investigated.
Two main cases (Case I & Case II) were studied, respect to
the number of heat sources which are, single heat source with
one person and double heat sources with two persons
respectively, (Figures (1 & 2)). The person was simulated
with dimensions (0.35 m x 0.4 m x 1.1 m high), [18], and the
table's dimensions were (0.6m x 0.6m x 0.72m high) [15].

Fig (1). Schematic geometry of case I, (Plane Plat z=1.54m,
Plane P2 at y=0.35m)

Fig (2). Schematic geometry of case II, (Plane P1 at z=0.77m,
Plane P2 at y=0.35m).
1-Diffuser air supply. 2- Exhaust grille. 3- Table. 4- Heat
source. 5-Person. 6-Culomn.

2.3 Boundary Conditions

The boundary conditions for the model room are
important in obtaining an accurate solution. Velocities at the
walls are zero because of the no-slip condition. The no-slip
boundary condition was also applied to the surfaces of the
person, table and heat source. The table was assumed
adiabatic because at steady state operation these surfaces will
be at approximately the same temperature as the fluid
surrounding them[19].

In order to obtain the thermal boundary conditions for CFD
simulation walls, floor and ceiling surfaces temperatures for
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an actual room were measured with type "T" calibrated
thermometer. The orientation of the actual room and
measured data were applied on the room of case study to
obtain a reliable simulation. The west and north walls are
external walls while the east and south are internal walls.
Table (2) shows the measured thermal boundary condition
for walls, ceiling and floor. These boundary condition will
used in all cases.

Table (2) Thermal boundary conditions.

Part Type Temperature
Ceiling Wall 28.8 °C
Floor Wall 26 °C
West Wall Wall 29 oC
East Wall Wall 27.5°C
North Wall Wall 28.6 °C
South Wall Wall 28.5°C

For all cases, the heat generated from the seating person will
be (58.2 W/m?), [5].

2.4 Convergence Criteria

The prediction of flow is based on a solution of the
fundamental flow equations. They consist of the equation of
continuity, three momentum equations and the energy
equation. The basic conservation equations for steady-state
were solved by employing the finite volume, the second-
order upwind scheme and the SIMPLE algorithm. The air
was assumed to be incompressible and its physical properties
were assumed constant, except that the air density was
assumed to follow the Boussinesq approximation. The
residuals of continuity, momentum, turbulence kinetic
energy and its dissipation rate had to reach (1 x 104
magnitude for convergence, while the residual of energy had
to reach (1 x 10%) in magnitude.

3 VALIDATION

Since the CFD used approximation, it was necessary to
validate the CFD program before it was used as a tool of
study. The validation was done by comparing the CFD
results with experimental data obtained in an environmental
chamber with a wall-supply displacement ventilation system
of Ref. [15] and tabulated in table (3).

The comparison depend on the vertical temperature
which measured by Ref. [15] in (12) locations and that of
present numerical study. Figures (3) to (5) show the
quantitative temperature distribution of the comparison.

The measured results were compared with the simulated
results by using the overall average error calculations and
absolute error due to the following equations,[20]:

n i i
E = Zi=1|TCFD_Tlexp|
=—r
i=1 ' exp

Where
n: number of measurements.
T: air temperature (k).

*100% (11)

The comparison obtained a good agreement between the
present work and published data. The difference between the
experimental and numerical values is less than 16% for all
cases.

Table (3) Boundary conditions and temperature
distribution comparison for the validation cases of the
present work with published data, [15].

Case | Ventilation Ts Load Error
NO. Rate(ACH) (°C) (W/m2) (%)
1 1.5 19 18 10
2 3 19.2 18 15
3 3 18.6 24 13

i | B e | Experimental [15]
Ac—i——h Present Study

2.5 —

Height (m)
|

S L L B B B

TTTTTI T
0 0265 065 075 1 125 156 175 2 2256 26 275 3 325 35
Air Temperatue (T-Tg) (k)

Fig.(3). Temperature distribution comparison in ventilated

room for validation case (1).
3 —

T I—B— Experimental [15]
A———A Present Study

25 —

Height (m)
P
\

LI A IR L L B Y R R
0 025 05 075 1 125 15 175 2 225 25 275 3 325
Air Temperature (T-T)) (k)

Fig.(4). Temperature distribution comparison in ventilated
room for validation case (2).
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Fig.(5).Temperature distribution comparison in ventilated

room for validation case (3)

4 INDEX FOR THERMAL COMFORT

The air distribution performance index was developed
as a way to quantify the comfort level for a space air system
in cooling. ADPI uses the effective draft temperature (EDT)
collected at an array of points taken within the occupied zone
to predict comfort. High ADPI values generally correlate to
high space thermal comfort levels with the maximum
obtainable value of 100%, [5].
The effective draft temperature (EDT) is given as, [16]:

EDT = (Tx - Tav) - 8*(Vx - 0.15) (12)
Where

Ty : local temperature (K)

Tav : average room temperature (K)

Vi : local air velocity (m/s)

The effective draft temperature limit was taken as (1.1 K)
for warm sensation and (-1.7 K) for cool sensation and the
maximum air velocity was taken as 0.35 m/s. These values
represent the limits for sedentary (office) occupation. The
number of points at which the draft temperature satisfies the
comfort limits above, expressed as a percentage of the total
number of points, was defined as the air diffusion
performance index (ADPI), [16].

5 RESULTS AND DISCUSSION

In the present study, the occupied zone was situated at
0.3 m from the sides walls, from the floor extended to 1.8 m
above the floor, [16]. Case I includes an office room with one
heat source above a solid table and one person. The graphic
results were plotted on the planes (P1 & P2) shown in figure
(1). Table (4) shows the corresponding ventilation rates to
velocity ranges used in case I according to the following
equation:

ACH =
Where:

3600V *Ajp

Vol.

36

(13)

ACH: air change per hour.

Vin: velocity inlet (m/s).

Ajn: net area of supply diffuser (m?).
Vol.: net room volume (m?).

Table (4) Corresponding ventilation rates to the velocity
ranges used in case L.

Velocity Ventilation Rate (ACH)
(m/s)
0.25 6.84
0.3 8.21
0.35 9.58

Case II includes a ventilated room with two heat
sources and two persons. Figure (2) shows the room of case
IT with the planes at which the graphic results where plotted
(P1 & P2). The corresponding ventilation rates to the velocity
ranges used shown in table (5), and it is calculated by
equation (13).

Table (5) Corresponding ventilation rates to the velocity
ranges used in case II.

Velocity Ventilation Rate (ACH)
(m/s)
0.25 6.92
0.3 8.30
0.35 9.68

5.1 Effect of Ventilation Rates

The ventilation rate for each case was studied for three
flow rates equal to (6.84, 8.21 & 9.58) ACH for case I, (table
(4)) and (6.92, 8.30 & 9.68) ACH for case II, (table (5)). The
temperature of inlet air in all three cases was equal to (17 °C)
and the heat source give (50 W/m?). As a results, the cool
supply air drops and spreads across the floor and it is
slightly heated as it passes over the floor surface. Figures (6)
and (7) show the air distribution at plane P2 for the above
two cases. Plane P2 for case I depicts that a good air
distribution is reached, in case II a poor ventilation spot is
formed behind the column.

There are slow air recirculation in the lower part of the
room ahead of the supply diffuser due to the horizontal air
flow from the diffuser, as shown in figure (8). Figures (8) and
(9) show the air distribution in plane P1 for each case with
different ventilation rates. The cold air spreads through the
floor of the room and then rises as the air warms due to heat
exchange with heat sources in the room (people, heat source
& walls). The warmer air has a lower density than the cold
air, and thus creates upward convective flows. Plumes are
produced by convection as a result of difference in
temperature between the air in contact with the heat sources
and the surrounding air, it is clearly visible above the heat
sources. The warm air then exits the room by extract grille in
the upper part of the room.
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Fig (9). Air velocity distribution patterns for case II at plane

P2, Ts=17°C.
VR=6.92 ACH.
VR=8.30 ACH.

VR=9.68 ACH.

Since the cooling load was not changed, the total heat
removed by this system was same. Figures (10) and (11)
reveal the contour line of temperature distribution for the
two mentioned cases at plane (P1). As a results, as the
ventilation rate increase, it is clear that the vertical air
temperature difference decreases due to increase the amount
of delivered cold air to the room.

Table (6) show ADPI for the above two cases for a
specified value of ventilation rate. ADPI change due to
changing the air flow rate in the room with specified supply
air temperature (17°C). Increasing the ventilation rate leads to
increase the velocity of the air and decrease the vertical
temperature difference which may be forms draft zone.
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Fig (10). Temperature contours for case I, at plane P1 with
Ts=17°C.
A- VR=6.84 ACH.
B- VR=821 ACH.
C- VR=9.58 ACH.
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Fig (11). Temperature contours for case II, at plane P1 with
Ts=17°C.
VR=6.92 ACH.
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Table (6). ADPI for cases (I & II).

Ventilation Temperature Load ADPI
Rate (ACH) Supply(°C) (W/m?) (Y%0)
Casel
6.84 17 50 81.8
8.21 17 50 78.1
9.58 17 50 74.5
CaseII
6.92 17 50 79
8.30 17 50 81.7
9.68 17 50 77.3

Table (6) shows that ADPI for case II needs a high
ventilation rate than the other case due to high cooling load
to reached ADPI equal to 81.7 %. While case I required a
lower ventilation rate to reaches ADPI equal to 81.8%, both
cases are with (50 W/m?) and supply air temperature (17°C).

5.2 Effect of Supply Air temperature

The effect of supply air temperature was studied with
inlet air temperature equal to (17°C & 19°C) with three
ventilation rates for each case. The previous section (5.1) was
highlighted the velocity and temperature distribution of air
in the cases (I & II) with inlet air temperature equal to (17 °C)
and present section with supply air temperature (19 °C) with
three ventilation rate for each case.

Figures (12) and (13) show the patterns of air
distribution for cases (I & II) with ventilation rate (8.21 &
8.30) ACH, respectively and supply air temperature (19 °C) at
plane P1. These figures indicate that the (2°C) temperature
difference in supply air temperature has no significant effect
on the air velocity in the room.

0.40
038
0.36
034

| EH
030

0.08
0.08 =X
0.04
0.0z
0.00

Fig (12). Air velocity distribution patterns for case I with 8.21
ACH, Ts=19°C and 50 W/m?2.
040
I 038

u
R

Fig (13). Air velocity distribution patterns for case II with
8.30 ACH, Ts=19 °C and 50 W/m?2.

Displacement ventilation provides fresh air directly to
the occupied zone. Therefore, the temperature distribution
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compared to conventional mixing ventilation is sensitive to
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supply air temperature. Figures (14) to (15) depict the 300 30 300 L
contour line of air temperature at plane P1 for cases (I & II) - ’
with different ventilation rates for each case. It is clear that 299 20
increasing supply air temperature leads to increasing the
vertical air temperature in the room. 595 - 208
ADPI depends on two parameters, local air velocity and .
local air temperature. In present section, ADPI was not 27— ———— 27 4\ 18m
effected with changing the supply air temperature by the air
velocity since its change was not significant. The other 294
parameter (local air temperature) has a great effect on ADPI A
due to the hot draft forms with increase the supply air A
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297
7 Ventilation Temperature Load ADPI
_/\ Rate (ACH) Supply(°C) (W/m3?) (%)
1—%_/\ Case I
18m 6.84 19 50 83.6
8.21 19 50 80.9
-C- 9.58 19 50 76.3
Fig (14). Temperature contour for case I with, Ts=19 °C and Case II
50 W/ma2.
A- VR=6.84 ACH. 6.92 19 50 77.2
B- VR=821 ACH. 83 19 50 83.6
C- VR=9.58 ACH.
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Table (7) show that increasing supply air temperature
with suitable ventilation rate and specified cooling load can
be improving the thermal comfort. Lower temperature
supply causes cold draft in the lower part of the room.

5.3 Exhaust Location

Case I was selected to study the effect of exhaust grille
location on thermal comfort on occupied zone of
displacement ventilation system. Case I was subdivided into
three cases (a, b & c). In case (a), the extract grille was located
on the east wall as shown in figure (1), in case (b), the extract
grille was located on the ceiling as shown in figure (16), and
in the case (c) the extract grille was located on the west wall
as shown in figure (17).

Figure (18) shows the air velocity distribution of cases
(@, b & c) in plane P1 with load (50 W/m?). The air velocity
distribution in occupied zone was same in all three cases and
the behavior of the air in the upper part of the room near the
ceiling was changed.
Figure (19) shows the air temperature distribution contour of
cases (a, b & c) with load (50 W/m?). When exhaust grille
location was changed in case I the vertical air temperature
distribution were almost the same in occupied zone. This is
because the upward air movement does not effected by the
location of exhaust grill especially below (1.8 m) in occupied
zone.

Fig (16). Schematic of room geometry of case (b).
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Fig (18). Air distribution patterns of cases (a, b & c) at 8.21
ACH, Ts=19°C & 50 W/m?.

IJSER © 2014
http://www.ijser.org


http://www.ijser.org/

International Journal of Scientific & Engineering Research, Volume 5, Issue 4, April-2014 42

ISSN 2229-5518

00 300 oo i

789 1Ll ®

294 299

248

] 18m

300 300

299

298
298 293

l 97
o7 18m

96 296

REFERENCES

(1]
(2]

(3]
(4]

(5]

6]

(7]

(8]

294
-B- &)
300 200 a0 | Y
L:px [10]
299 269
299
208 248 N 208 [11]
. om l 297 )|
1.8m
296 ——
M [12]
-
Fig (19). Air temperature contour of cases (a, b & c) at 8.21
ACH, Ts=19C & 50 W/m?2. [13]
6 CONCLUSIONS
In the present study, air velocity and temperature
distribution fields in room with displacement ventilation [14]
system were numerically investigated. The simulation
program was validated, and compared with experimental
data of another researcher and shows a good agreement. The
effect of ventilation rate supply air temperature and extract
grille location on the thermal comfort was studied. We can [15]
conclude the following conclusions:
1. Standard (k-¢) turbulence model with SIMPLE
algorithm gives reliable results to simulate air velocity and [16]
temperature distribution fields in displacement ventilation
system. (17]
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but it may results in draft because of the higher supply air
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in the upper part of the room. [20]
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comfort in the occupied zone.
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