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Effect of Inlet Airflow Direction on the Indoor
Environment of a Naturally Ventilated Room using
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Abstract: The present study emphases the numerical
investigation of the change in the overall indoor environment of
a mechanically heated room, due to alteration in direction of the
cold air stream at the inlet. This study is important to find the
correlation between the configuration of altered geometry on the
indoor environment quality and human comfort. Different case
studies have been studied by altering the direction of the flow of
the unidirectional velocity vector (U) by turning clockwise
around the Z-axis and keeping other geometry parameters
unaltered. Numerically simulated observations have been
analyzed to study the effect of changed airflow direction at the
inlet on indoor environmental quality Slight variations in the
indoor environment were observed due to changed inlet angle set
from 0°-60°, but for the largest angle setting of (80°),
considerable changes were observed ins temperature and flow
patterns. When the inlet vent angle increased from 0°-80°, the
airflow and thermal pattern in room changes. More swirls and
circulation observed in the case of higher inlet angles. PPD
values for subsequent cases were found under control for all the
set of inlet angles. The lowest PPD and PMV values observed for
an 80° inlet angle setting. The outcomes of the research would be
valuable for the design and optimization of local buildings and
more energy can be hoarded by proper installations of equipment
and inlet vent location.

Keywords. Computational fluid dynamics;
temperature; velocity vector; inlet angle; radiator; PPD;

Comfort

[ INTRODUCTION

Nowadays energy is an essential resource and demand
for energy is also growing. Many negative effects of energy
production can be seen in the environment, such as
environmental pollution and global warming. In order to
tackle the global warming effect and the growing cost of
production, energy needs to be conserved. A huge expanse
of energy can be hoarded in the building sector alone.
Building sector alone demands around 40 % of the entire
energy expenditure over the globe and 30% the CO,
emission. From 1971 to 2014 energy consumption on the
global leve increased by 90 % and the building sector
contributed more fraction of this increased energy
consumption [1-2]. The study of HVAC can anayze and
improve energy demand in the building sector.
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The principad objective of HVAC anadyss is to
maintain the appropriate balance between energy
consumption and comfort conditionsin the building. A good
level of thermal comfort in an indoor environment amplifies
productivity and reduces the risk of human health [3, 4].
There have been a number of studies were conducted on the
indoor environmenta qudlity, such as “Therma comfort and
energy-saving enhancements in an office room” [5],
“Residential building energy consumption characteristics
and energy demand” [6], “the study of therma comfort in a
room by various heating methods” [7], “energy consumption
in office room for displacement ventilation”. [8], “a review
of comfort, health, and energy to understand daily energy
use and wellbeing for the devel opment of a new approach to
study comfort” [9], and many others [10-18].According to
IEA indoor environmental conditions in a building depends
on few major factors, (1) Outdoor climate conditions, (2)
building envelopes, (3) building design factors, (5) building
set-up and maintenance, (4) building energy consumption
and amenities arrangement, (6) activities of occupiers[4].

The climate condition on the globe varies according to
its geographica location. People in a higher temperature
region fee comfortable in a warmer indoor environment as
compare to the cold climate people. Humidity is also an
important factor that affects the overall occupant comfort
[19]. In several parts of the earth, weather conditions are
very harsh and indoor environment needs to be
artificially/mechanically maintained to a human comfort
level. Climate conditions in that region aso influence the
type of clothing used by people. Cloths on the human body
act as an insulator and limit the heat exchange between the
occupant and the surrounding environment [20, 21]. The
amount of insulation given by clothes is expressed in terms
of clo. The value of unit 1 clo is given as 0.155 m*C/W.
Clothing factors affect the occupier's sensitivity to thermal
comfort and eventualy affect the energy essentia to
regulate the therma comfort in the room. The satisfactory
clothing insulation factor for a human body in summer is
0.59 clo and for winter is 0.69 clo [22, 23]. If the room is
occupied, the presence of humans raises the mean
temperature of the indoor environment by a considerable
amount [24]. The metabolic rate of human acts as a source
of uneven heat flux. The internal heat generated by the
human occupant depends on the activity level of the human
body and environmental conditions, a high level of activity
resultsin high heat flux. [25]. The Sl unit for the metabolic
rateismet and 1 met=58.2W/n2.
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The amount of cooling or heating required in the room
depends on the number of occupiers and their activity level;
it may vary with time [26]. To maintain the satisfactory
indoor environmental quality, the indoor air propertiesin the
occupied zone needs to be controlled. The nature of the
ventilation method used in building design i.e. natural or

artificia also affects the thermal comfort required by
the occupant. In artificialy ventilated buildings occupant
feel comfortable for a temperature range of 20-25°C. In the
case of naturally ventilated buildings occupants can tolerate
a higher range of temperatures up to 25- 28°C [5]. Air
movement in the occupied zone also affects the thermal
comfort of the human occupant. The arrangement of high air
movement at low temperature may cause a problem related
to draught, hence at low-temperature low velocity and for
high-temperature high velocity is preferred for better indoor
therma conditions. The temperature of flowing air changes
the human perception of air movement [28, 29].

HVAC (heating, ventilation and air conditioning) deals
with the study of airflow movement and temperature
andysis of the indoor environment. Problems related to
HVAC can be analyzed and solved using Computational
Fluid Dynamics (CFD) solver [30]. CFD is a valuable tool
for simulating the pattern of air movement, velocity,
temperature and many more. There are many research article
presented earlier related to indoor environment prediction
using CFD [33].

In the present study, a 3-D modeled naturally ventilated
room was used. The same geometrical mode was used in
earlier experimental [7] and numerical [33, 34] sudies. In
ANSYS FLUENT software, the inlet airflow direction is
always taken normal to the YZ plane and along X-axis. This
study focuses more on the direction of the inlet cold air
stream ingead of magnitude and spotlights the effect of a
change in direction of cold air inlet stream on the room
airflow and indoor thermal conditions. The unidirectional
vector of inlet velocity was rotated along the Z-axis in a
clockwise direction through an angle 6. The inlet angle (6)
was changed by the difference of 10° for each case study
(Fig.1), not each case wasiillustrated in results, but rather all
related data discussed in the result and discussion. The
outcomes of the current investigation were well validated
with the experimenta (Fig.3) and numerical results (Fig.4).
This study is centered on the analysis of heat and flow
situations for variousinlet air stream directions. The therma
conditions in the occupied zone depend on the air
temperature at the inlet and probably on the direction of the
fresh cold air sream. The CFD simulations were carried out
for five different case studies with different inlet air stream
direction.

. PHYSICAL PROBLEM

A. The CFD Room M odel

The numericd model of the 3-D room having
measurements of 4.8 m x2.6 m x24 m (L xH xW) was
designed by means of ICEM CFD software. The smilar
geometry of the room was earlier used in experimenta work
by Oleson et. a. [7] and numerical work by Myhren et.al
[33], Horikiri et.al. [24]. For the detailed room, a geometry
research article [7] can be referred to. The CFD modeed
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room can be referred to from the available research article
[37]. The CFD modeled room has no furniture and
occupants. The empty room has been modeled for studying
indoor environmental conditions. An empty room (Fig.1)
consists of the localized heat source double-panel radiator,
glazed glass window, adiabatically insulated walls, ceiling
and floor, one adjustable inlet vent, and outlet vent. The
detailed specification of geometry islisted below in table 1.

B. Monitoring planesand lines

The comfort zone in the room is defined by the region
0.6 m away from each wall and up to the height of 1.8 m,
which is normally the zone preferred by a human for
occupancy. To study the comfortable environment in the
occupied zone, four monitoring lines (11, 12, 13, and 14) at a
distance of X=0.6 m, X=1.8 m, X=3.0 m, X=4.2 m have
been plotted in the room fluid domain. The mid-plane
passing over the origin and norma to the YZ plane (Z=0)
was aso plotted to analyze the general room comfort
condition (Fig.1).

Inlet ”
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Fig.1. Graphical interpretation of 3-D modeled room.
Table-l: Design of geometry
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Geometry (objects) Dimensions Location in
(LxBxH) room
Inlet 0.50x0.02 m* Above
window.
Outlet 0.80x0.05 m? A wall
reverses to
the window.
Radiator Along  the
1) Platel 1.40x0.05x0.60 m®>  center of the
2) Plae2 1.40%x0.05%0.60 m*  wall and
under the
window,
0.01m  Left
from the
wall.
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C. Boundary conditions

The above model was designed to maintain the required
indoor comfort conditions in cold climate conditions. The
ambient environment of Sweden in the wintertime is actua
icy, thefresh air current at the inlet of -5 °C was entering the
room from an adjustable inlet vent. The air temperature in
the room before launching the CFD analysis was taken as 16
° C. All the walls were perfectly bounded and insulated to
avoid the heat interaction between room indoor and outdoor
environment. For decent indoor environmental conditions,
the indoor air temperature should be maintained between
20-22°C [26]. To maintain the required thermal comfort
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conditions in the occupied zone the unvarying heat flux was
specified to the double-panel radiator. For the healthy indoor
environment, the inlet air volume flow rate was kept
constant at 7.3 |/s which gives an air change rate of 0.8 h-1
[40]. Due to the low volume flow rate of inlet air (Pr=0.7),
the flow has been considered incompressible throughout the
study. Since it is found that Gr / Re2 >> 1 and, therefore,
natural convection is the dominant factor supportive of heat
transfer. Hence, attention should be given to the following
air properties, such as the thermal expansion coefficient (a),
thermal conductivity (k), density(p), specific heat (Cp)
related to natural convection. Table 2 shows the boundary
conditions incorporated in the present study.

Table-11: Boundary conditions

Geometry Boundary conditions
Inlet

1) Constant temperature T4r=-5°C

2) Uniform air flow rate var=7.3l/s

Exhaust Ouitflow

Window T w=14°C

T w = Constant,

Walls ( Bare to the open-air ambiances) Adiabatic (g=0)

Radiator (Double-panel)

Constant heat flux,
Radiator surface temperature kept constant at 40 - 42°C.

Viscous model

Standard k-¢ turbulence model.

Radiation model

Discrete ordinate (DO)

Scheme for pressure

The second-order, a SIMPLE algorithm.

(. NUMERICAL METHODOLOGY

A. Casedescription

The three-dimensional ventilated room dimensions are
48 mx26 mx24 m in length, height, and width
respectively. The room has entirdy insulated walls
including floor and ceiling, double-panel radiator as a
localized heat source, one adjustable inlet, and a solitary
outlet vent. The modeled room was entirdly empty except
the presence of the radiator below the glazed glass window.
The present study is based on cold climate atmospheric
conditions. The ambient conditions in the wintertime of
Sweden are very cold (-5°C) and hence the radiator was
employed as a heat source to maintain the human
satisfactory warm indoor environment [33].

Table-ll1: Case study

Caseno. Inlet vent angle for cold air
inlet (Degrees)

Casel 0°

Case? 20°

Case3 40°

Case 4 60°

Case b5 80°

This study focuses on the effect of direction of the inlet air
stream on flow and therma properties of the indoor
environment with the help of adjustable inlet vent. By
analyzing various case studies performed (Table 3), found
that the considerable changes in the indoor environment
were recorded due to the changed direction of the inlet cold
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air stream. The inlet vent angle was changed for each case
study as shown in fig.1.

B. Airflow and heat transfer

In the current study, ANSYS FLUENT 18.1 has been
used to numerically investigate the indoor environmenta
conditions of the 3D ventilated room. The Reynolds
Average Navier-Stokes (RANS) was implemented along
with the two-equation standard k—¢ turbulent model. Y plus
was controlled by generating fine mesh at walls and
enhanced wall treatment model used to capture the fluid
domain near the walls. To study the indoor airflow and the
turbulence generated, the sensitive and low-cost viscous
modedl, the standard k-¢ model has been used by calculating
turbulent kinetic energy and its dissipation rate
symmetrically[35, 36]. CFD is used to resolve the
Continuity, momentum, and energy equations of the airflow.
The main focus of this study is on radiation and heat transfer
by convection due to the temperature difference in the fluid
domain. As the thermal conductivity of the air is negligible
and the walls are completely insulated, the heat transfer due
to the conduction is totally neglected. To capture the effect
of heat source radiations on flow and temperature
digtribution, discrete ordinates radiation scheme was
employed [37, 38]. The air density Boussinesque
approximation was applied to study the complete buoyancy
influence and to anayze the smalest effect on the room
indoor environment. The body weighted scheme works well
in interpolating pressure and further properties in a strong
buoyancy flow [39].
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To solve the non-linearity of the momentum equation,
the velocity pressure coupled with the semi-implicit method
for the pressure-linked equation (dmple) algorithm was
employed. [6, 39].

C. Mesh independence test and description of the model
After building aroom geometry using ICEM CFD, the

ungructured hex mesh has been generated for good
computational accuracy. To further improve the accuracy of
the results, three different grid size resolutions (179000,
289000 and 386000) have been analyzed and compared. The
outcomes for all three grid sizes plotted in terms of comfort
temperature of an indoor environment at four different
locations and compared with the previoudy performed
numerical study [33, 34] for the same model.

Fig.2 shows almost the same comfort temperature trends for
al three grid sizes with a minor temperature variation of
0.5°C. The closest match to the numerical result was
observed in 289000-grid resolution and hence used for
further calculations [30, 34]. To forecast optimal cost and to
attain essential result accuracy, grid independence test plays
an important role.

—e— 386000 grid cells
289000 grid cells 2.5
—e— 179000 grid cells
—m— Myhren et al.
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Fig.2 Mesh independencetest for a CFD model at four
locations (a) 11, (b) Iz, (€) I3, (d) la.

D. Numerical model and thermal comfort

The numerical study of the present research objective
entails resolving the governing equations of mass,
momentum and energy. Ansys solves the conservation
equations for the mass, momentum, and energy for al flows.
Energy conservation equations need to be solved for
problems related to thermal interactions. Ansys Fluent gives
the provision to use various types of turbulent models, the
appropriate turbulent model should be selected as per the
reguirement. The governing eguations of fluid dynamics and
energy equations solved by software are listed below, in
equations (1-5) [41].

dp

—+V.(py) = 1
Frad (py) =0 (1)
a(pw) 3
T + V. (puy)
_ Op 4 0Ty 0Ty, 0T,y
~ ox 9x 9y 0z
+pfx 2)
d(pu) .
ot + V. (ovy)
__ a_p 4 0Ty, 0Ty, 0Ty,
dy  0Ox dy 0z
+pfy 3
d(pw) .
at + V. (owy)
_ a_p N 0Ty, 07y, 01y,
dz Ox dy 0z
+pfz (4

The energy equation resolved by Ansys fluent is shown
bel ow,

)
T (pE) + V. (v (pE + p))
= V. (kossVT

DG G
J

The k — ¢ turbulence model has been used to solve the
Reynolds average Navier — Stokes equation. The respective
equations for turbulent kinetic energy (k), and the
dissipation rate of turbulent kinetic energy (¢) are mentioned
in the equation given below (6, 7). Table 4. Shows all the
mode constants used in the standard k-¢ turbulent modd. In
addition to convective heat transfer, radiation heat transfer
has dso been carefully studied to consider the radiation
effect of the radiator on the indoor environment. The
therma band for radiation heat transfer was considered
between 0.1pum to 1000 pum [42]. To andyze the effect of
radiation from radiator surface the thermal band between
0.1pum to 1000 pm has been considered [42]. Along with the
convective heat transfer, the radiation temperature aso has
an impact on the indoor environment.
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Equation (8) mentions the transport equation of the
desecrating ordinate (DO) radiation model. The predefined
radiation model in Ansys fluent takes into account the origin
of radiation [20].

9 (oK) + -2 (pkuy)
gt P T gy, PR

_9 (+”t) ok +G +G
_aX] H Ok aX] k b pe

= Ym + Sk (6)

0 0
a (pe) + o (peu;)
d Key O€
=505 3]
€ g2
+ Cls.E (Gk + C3£ + Gb) - CZS' p.E
+ S, 7)

VAG, DD + @+ )G,

4T

o, oT* N O 1> -
—an T 4m G
0
X ¢, 3Hda’ (8
Table-1V: Model constant for standard k-¢

Ci; 1.44
Cse 1.92
C, 0.09
Ok 1.0
o, 1.3

The flow rate of fresh inlet air was very low and hence
considered as an incompressible flow. The flow was
considered to be dominated by natural convection and hence
by buoyant force. The dimensionless quantities used for the
above study arelisted below (9-12),

_ gB(Tradiator - T)L3

Gr 2 €)

Ra = gB(dei:;r - 10)
Re = VL (11)
P = Prer(1 = B(T = Trer)) (12)

There are a few important parameters that need to be
controlled for obtaining high-quality therma comfort in an
indoor environment. The level of overall comfort of the
human body can be identified using the predicted mean vote
(PMV) and predicted percentage discomfort (PPD) index.
The PMV index shows the mean average value of the large
collection of voters on the comfort scale. While the PPD
shows the percentage of people from large group dissatisfied
with the neighboring thermal environment. For decent
thermal conditions, the suggested PMV value is in range of
—0.5 < PMV <+0.5 and PPD < 10%. The PMV and PPD
index have been calculated using the following equations
(10, 14, 15) [24].
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PMV = (0.03 e™0%3¢M + 0.028) {(M — W) — 3.05 x 103
x [5733 — 6.99(M — W) — P,] — 0.42
x [(M — W) — 58.15] — 1.7
x 10~5M(5867 — P?)
— 0.0014M(34 — t,) — 3.96 x 1073 f,,
x [(ta +273)" = (;+273)]

— fahe(ta — t.)} (13)
While
ty = 35.7 — 0.028(M — W)
— Ca {3.96 x 10°,
x [(ta +273)" = (;+273)]
— fahe(ta — t.)} (14)

The therma comfort indices can also be calculated using
FORTRAN code using Fluent CFD [24]. Due to the
absence of human mode few assumptions were done in the
present study. For the normal winter indoor environment,
clothing factor for the winter cloth was taken as 1 clo. It is
assumed that the occupant is relaxing on a sofa and
producing 1 met heat. Whereas air humidity was taken as 50
%. PPD index was calculated using the PMV based method
by using equation 15.

PPD = 100 — 95 x ¢—(0.03353xPMV*+0.2179xPMV?) (15)
The calculated PMV and PPD values should bein arange of
-0.5 < PMV <+0.5 and PPD < 10%, respectively [34].
Table 5 shows the comfort relating PMV scale.

Table-V: PMV Comfort scale

-3 Cold

-2 Cool

-1 Slightly coal
0 Neutral

1 Slightly warm
2 Warm

3 Hot

584 & Sciences Publication

Two parameters can be used for an alternative way of
expressing the indoor thermal comfort, namely the comfort
temperature (Tomior) and the operative temperature
(Toperative) [24]. From equation 16 and 17 we can observe that
the operative temperature eval uates the comfort temperature
by considering air temperature, radiation temperature, and
air velocity. While the operative temperature considers air
temperature and radiation temperature only. Hence the
comfort temperature preferred over the operative
temperature throughout the study. The values of comfort,
operative and radiation temperature can be calculated by the
following equations,

_ TRadiation + TAir

TOperative - 2 (16)
T _ TRadiation*T Airy (10.U 447) (17)
Comfort — 1+ /7(101]14”)
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(18)

4 1 p4m
Tragiation =—J, 1dQ
Radiation 4.0 fo

V. VALIDATION OF THE MODEL

To study the predicted thermal comfort for the indoor
environment using the Ansys Fluent software the RANS
computations have been carried out for default inlet angle
(0°) setting (Norma to YZ plane). Vdidation of a 3-D
empty modeled room has been done by comparing the
present thermal comfort predictions with the earlier
performed experimental [7] and numerical study [24, 32,
and 33].

Fig.3 and Fig.4 shows the comparison of numerically
anticipated comfort temperature with experimenta and
numerical results respectively. The acceptable agreement
between predicted and published results was attained. A
dlight variation in trends can be seen for the experimental
validation for the fluid domain (y>1.5m) and in case of
numerical validation in the center of the fluid domain
(Im<y<2m) for the line I;. The deviation in operative
temperature trends is about £ 0.5°C. Apart from this small
variation, all the trends show the same pattern of the comfort
temperature profile. Thisvariation in trends is arising due to
the presence of high turbulence and buoyancy effect near the
inlet vent. Cold air stream near the inlet contributes to
negative buoyant effect while the warm air rising from the
radiator contributes to a positive buoyant effect, which
creates high turbulence in that region. For additiond
validation of the modd, the further volume flow rate has
been calculated and found to be constant &t 7.3 1 /s.

Double-panel radiator
—=—Olesen etal.

2.5 1

2.0

0.5 1

0.0 T o m— 1

18 20 22 24 26

Comfort temperature (°C)

(a) X=1m

Fig.3 Comparison of comfort temperaturetrends at
X=1m for unoccupied room model with previously
published experimental results[7].

To andyze the indoor environment quality it is
recommended to anayze various factors like totd and
radiation temperature along with ar velocity, humidity,
metabolic rate, clothing factors which affect the therma
comfort of the occupant. Hence to consider the overall effect
of al the factors, PPD values based on PMV criteria were
calculated usng Equations (10, 14, and 15). The found
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outcomes were compared with presented numerical
estimates from aternative accessible numerical code
Flovent at four different locations |y, I,, I3 and |4 (Fig.5) [24].

=== Myhren et.al.
—— Double panel radiato

-
254 )
20 o
25 i
1
|
2.0 |
1.5 4
E
>
1.0
0.5+

]
18 20 22 24 26 0.0 T
18 20 22 24 26

Comfort temperature (°C)

Comfort temperature (°C)

(a) X=0.6m (b) X=1.2m
25
2.5
2.0
2.0 1
1.5
B
< 151
10 E
>
1.0
0.5
0.5
00 T {I T 1 lL
18 20 2 24 2 0.0 I

18 20 22 24 26

Comfort temperature (°C )

Comfort temperature (°C)

(c) X=3.0m (d) X=4.2m

Fig.4 A comparison of the room temper atur e profile of
this study and available results, at the four locations [24]

(2=0). (a) 1, (b) I2, () I3, (d) I
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—=— Horikiri et. al
——Casel

2.4 1

2.44

1.2

0.64

A4

0.0 T T T 1

0.0

PPD(%)
(a) X=0.6m

(b) X=1.2m

2.4

0.6 4 \
00 T T T 1

0.0 T T T 1
0 5 10 15 20 0 5 10 15 20
PPD(%) PPD(%)

(c) X=3.0m (d) X=4.2m

Fig.5 Comparison of calculated PPD values based on
PMYV criteriaat four locationswith available numerical
data[24] (@) I1, (b) 12, (€) I3, (d) la.

V. RESULT AND DISCUSSION

After obtaining a satisfactory result after the validation
of the 3-D unoccupied room, CFD simulations for different
cases were performed as mentioned in Table 3. The results
of all case studies are plotted and compared as graphs. Also,
the PPD and PMV indices were plotted for all the cases to
compare the comfort level in the occupied zone.

A. Effect of inlet angle on room air temperature

For al the five cases, simulations were executed and
comfort temperature calculated using equation 17. All the
calculated results related to the comfort temperature were
plotted and compared on the XY plot as shown in fig.6.
From Fig.6 it is clearly seen that the effect of a change in
direction of the cold airflow at the inlet is least on the indoor
thermal conditions.
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Fig.6 Comfort temperature on midplane (Z=0) in the
room throughout the height with variousinlet vent
anglesat 4 monitoring lines (a) Iy, (b) Io, (€) I3, (d) I4,

Fig.6 (@ shows a very small variation in comfort
temperature trends for all cases since the domain close the
inlet vent and radiator is of high turbulence and intermixing
of cold and hot air streams takes place in this region. While
for case 5, Fig.6 (b, ¢, and d) shows a large deviation in
comfort temperature trends can be observed but the pattern
of trendsisthe same. Thisvariation in trend isarising dueto
the changed inlet angle. For case 5, the inlet angle changed
to 80°, hence the inlet cold air stream grikes right on the
radiator surface. For this case, the mixing fluid domain area
of the cold and hot air stream is very small (X < 1m) and
immediate heating of cold air takes place. Hence the therma
effect of cold air stream on the occupied zone is found least
in this case. However, in cases 1, 2, 3 and 4, the mixing of
cold and hot air takes place in the large fluid domain and
hence the therma comfort temperature in the occupied zone
is low as compared to case 5. From fig.6 it is clear that the
direct impingement of fresh cold air stream on the radiator
surface increases the average indoor comfort temperature by
at least 1°C. Fig.7 shows the temperature distribution in the
room on the midplane passing through the origin of the
room (Z=0).
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Fig.7 Total temperature contoursat midplane (Z=0) in
room with variousinlet vent anglein degrees (a) 0°, (b)
20°, (c) 40°, (d) 60°, (e) 80°.

The temperature contours show temperature digtribution
and the magnitude of temperature change at different
locations. From fig.7 it is observed that the cold and hot air
stream mixing area decreases with the increase in inlet vent
angle. While the Fig.7 () shows the higher average indoor
temperature as compare to all other cases. Hence for better
indoor thermal conditions in the occupied zone, it is
recommended that the inlet cold air stream should maintain
direct contact with the hot radiator surface.

B. Effect of inlet angle on room airflow

As mentioned in section 2.3 the volume flow rate of
fresh air at inlet maintained constant at 7.3 1/s. It is observed
that when the inlet angle was changed the inlet vent
projected area was decreasing simultaneoudly. Since the
density of inlet air is constant, the volume flow rate directly
proportional to the mass flow rate. From the conservation of
mass principle, it is concluded that the decrease in inlet
projected area results in a rise in inlet ar velocity. Fig.8
shows the vel ocity vectors on the midplane passing through
theroom. It is clearly seen from the figure that, the vel ocity
magnitude in the region near the radiator and inlet also
increases as the inlet angle increases. Recirculation and
swirling movement of air can be observed in the fluid
domain. In the occupied zone, a large variation in X-
directiona velocity (u) was observed (Fig.8) as compared to
y- directional velocity. Since the y velocity component
influenced by buoyancy force, variation can be observed
only near theinlet and radiator region.
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From fig.8 it is observed that the air movement in case
of (a) and (€) was less as compared to other cases and may
not cause discomfort to an occupant. As discussed earlier,
the draught problem may arise due to high air movement (>
0.1 m/s) and low air temperature. Hence to get more
exposure to air movement, Veocity magnitude, iso-surface
of > 0.1 m/s are plotted for the x-velocity (u) range of -0.7
m/sto 0.7 m/s for all the five cases.

Fig.9 shows the regions with velocity (u) > 0.1 m/s
which are located mainly in the domain near the floor and
ceiling. Walls act as an obstacle to the airflow and cause the
shear flow by high-velocity gradient at the walls and results
into clockwise and anti-clockwise recirculation’s in the top
and bottom fluid domain respectively. Also, the positive and
negative buoyant force also contributes to the velocity rise
in ceiling and floor regions respectively.

(©
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Fig.9. Iso-surface of u > 0.1 m/s colored by x-velocity (u)
contoursfor five caseswith different inlet vent anglein
degrees (a) 0°, (b) 20°, (c) 40°,(d) 60°, (e) 80°.

From all the above anaysis, it was difficult to pick the
precise model with more energy-saving and better thermal
comfort conditions in the occupied zone. All the modes
having their own pros and cons related to temperature and
airflow. Hence it is necessary to compute the PPD and PMV
index for all the models. PPD index for all five cases was
calculated at six different points in the y-direction (Om,
0.5m, 1m, 1.5m, 2m, and 2.5m) from floor level on each
monitoring line (14, 12, I3, and | 4).

From fig.10, it is clearly seen that the modd with an
80° inlet angle set shows the lowest PPD index at dl the
monitoring locations. The above PPD index was plotted for
particular points in the fluid domain. For better
understanding the average (overall) PPD and PMV index for
occupied zone were plotted, average values of all the
required properties (only in comfort zone) were taken for the
calculation.
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Fig.10 PPD valuesin relation to PMV, at six upright
pointsiny direction on four monitoring lines (Z=0) (a) |1,
(b) 12, (c) I5, (d) I,

Fig.11 illustrates the average PPD index for al five
cases. As described in section 2.5, observed values for PPD
<10% and PMV ranges between -0.5 to +0.5 (table 5). As
per requirement PPD <10% acceptable, hence all the moddls
are having desired comfort conditions. It is clearly seen

from Fig.11, the lowest PPD (< 5%) and PMV (-0.16)
index are shown for case 5 (80° inlet angle) hence case 5
boundary conditions gives the best possible indoor comfort
conditions.

From the above observations, it can be concluded that
to maintain a comfortable indoor environment, the inlet cold
air flow must be directed straight on the heating surface with
high velocity. With the immediate contact of cold air and
heating surface (radiator) the instant space heating of air
takes place. Unwanted mixing of the cold air stream with air
in the occupied zone can be avoided and helps to maintain
the higher average room temperature.
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Fig.11 Average PPD index plot for all the five case
studies.

VI, CONCLUSION
In this study, CFD program was used to analyze the

indoor environment quality of 3-D modeled empty room for
different direction (angles) of cold airflow at the inlet.

e Alteration in the inlet air-jet angle affects the
indoor environment quality. As the inlet jet angle
increases the fresh air established good contact
with radiator and overall air temperature increases.

e Astheinlet vent angle increased from 0°-80° for
congtant volume flow rate, the inlet air velocity
increases due to simultaneous reduction in the
projected inlet vent area.

e As the inlet angle increases from 0°-80°, the
magnitude of x-velocity (u) increases near the
ceiling and floor area.

e Astheinlet vent angle increases the airflow pattern
for the indoor environment changes, more swirls
and circulation are generated and can cause
discomfort to the occupants.

e The direct impingement of cold inlet air on heat
source immediately warms the inlet cold air and
desirable PPD and PMV can be obtained in the
indoor environment in alesser amount of time.

Hence it is suggested to adjust the high-velocity inlet

cold airflow direction in away that the immediate contact of
cold air and heating surface (radiator) must take place.
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cio clothing factor unit
Cirs, Cos model constants in the term of the turbulence
5e model
Gr generation of turbulence kinetic energy due to
the mean velocity gradient
G generation of turbulent kinetic energy due to
buoyancy]
ke turbulence kinetic energy
Frapr effective conductivity
5 heat sources
,T’: direction vector
e scattering direction vector
met metabolic equivalent
M room model 1 using Double panel radiator
M room model 2 using ventilation radiator
PPD predicted percentage of discomfort
PNV predicted mean vote
q heat flux
5y 5, SOUrce tenms
Teer reference temperature
Tcad temperature at head level
Tou temperature at foot level
V welocity at inlet
W air velocity
¥y a contribution of fluctuating dilatation in compressible
turbulence to the overall dissipation rate.
X-directional velocity
b
Greek
letters
e dissipation of turbulent kinetic energy
F density
M dynamic viscosity
8 inlet angle
G Stefan Boltzmann constant {3.669 = 10-8) Wm*-E*
& scattering coefficient
i turbulent viscosity
0.0 turbulent Prandt] mumbers fork and e respectively
@ thermal diffusivity
& phase function
B the coefficient of volume expansion
(=} solid angle
a scattering solid angle
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