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Numerical Study of Natural Ventilation
in a Building using CFD Analysis

RANDY 8. LAGUMBAY

Abstract

A Computational Fluid Dynamics (CFD) analysis of the air temperature dis-
tribution, airflow pattern and particle tracks in a naturally ventitited building (s
conducted. The effect of changing the boundary condition to the air temperature
field and air movement is studied. The commercial software like CFX 5.4.1 is used
in the simulation and analysis of the physical model problem. Results show that
changing the boundary condition will affect the air temperature distribution and
air movement inside a building. The accuracy of the solution will depend on the

accuracy of the wall boundary condition value.

Introduction

temperature and pollutants within an enclosed space are very 1mpor-

tant. It is very useful in checking the performance of a ventilation
system, verifying the comfort conditions, predicting thermal transport and
smoke and fire spread predictions. Jones (1997) predict the air flow paths in
naturally ventilated spaces, and the results indicate that CFD prediction is
sufficiently accurate as compared to measured data.

T he determination of the pattern of airflow and the distribution of air

(Iﬁ RANDY S. LAGUMBAY, Instructor, Col'ege of Engineering, MSU-Iligan Insti-
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CFD has the capacity to model and simulate physical 1,4 ohies
I

. . . . , ]
such as air movement and air temperature distribution Inside 3 hulmmmcna
cannot be easily measured with a physical experiment, with lower ¢ :i that

) 't ang

more rapidly than with experimental procedures.

The development of the idea of using a computer to solve Problems g th
mechanics of fluid leads to the formulation of the Computationg| Fluid 1 ¢
namics (CFD). CFD is defined as “the science of determining a numerugi
solution to the governing equations of fluid flow whilst advancing the solu.
tion through space or time to obtain a numerical description of complete
flow field of interest by means of computer-based simulation” (Elliott, ( March
2000, What is cfd.html)].

The process of performing a CFD simulation is divided into three cop,.
ponents such as pre-processing (setting up the simulation), solver (solving
for the flow field), and post-processing (visualizing the results). In pre-pro-
cessing, the geometry of the region of interest is defined. The boundary cop-
dition and properties of the fluid are specified. The type of a physical mode
needed in the simulation is selected and the control volume mesh is gener-
ated.

The solver integrates the governing partial differential equations over the
entire control volumes in the regions, and converts a system of algebraic
equations by generating a set of approximations for the terms in the integral
equations.

In post-processing, the solutions obtained are visualized and analyzed.
Visualization includes vectors plot, surface plot of the fluid properties such
as temperature, pressure, velocity, etc.

The main objective of this research is to study numerically the behaviour
of fluid flow such as the pattern of airflow and air temperature distribution in
a naturally ventilated building. The CFD package such as CFX 5.4.1 is used
in this project. CFX 5.4 is a finite volume technique, which subdivides the
region of interest into small sub-regions, called control volumes.

The k - ¢ turbulent model is used in the experiment. This turbulent v_nt‘:ifl
is suitable for predicting steady flow fields. Launder and Spalding (i972)
suggested that k- model is better as compared to large-eddy simulanon
model as confirmed by Rodi (1986)
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I1. Basic Concept on Natural Ventilation

Natural ventilation is energy efficient (i.e. no need of a mechanical Sys-
tem). It can be easily integrated into buildings and it provides a healthier and
more comfortable environment if integrated correctly [Liddament (1996)]. It
is suitable for many types of buildings such as low-rise dwellings, schools,
small or medium-sized offices, recreation and public buildings in moderate
or mild climates. It is very cost—effective compared with the capital, mainte-
nance and operational costs of mechanical systems.

The achievement of an acceptable indoor air quality in the natural venti-
lation is based on the supply of fresh air to a space and the dilution of the
indoor pollution concentration [Liddament (1990)]. The amount of supply
air needed to ensure an acceptable indoor air quality depends on the amount
and nature of the dominant pollutant source in space. In a naturally venti-
lated building, the total energy consumption will only depend on the season
(either heating or cooling) and the occupant behaviour such as opening or
closing the windows and doors.

Human thermal comfort is the condition in which an occupant feels com-
fortable in either a warmer or cooler environment. There are many param-
eters that can influence the overall comfort.

1. Physical Parameters — these include the air temperature distribution and
thermal conditions of the environment, the relative humidity of the air,
the local air velocity (mean and turbulent), the odours, the colours of the
surroundings, the light intensity and the level of noise.

2. Physiological Parameters — these include the age, sex and specific char-
acteristics of the occupants.

3. External Parameters — these include the occupant activities, clothing
and social conditions.

Among these parameters, the local environment, represented by the dry
bulb temperature, humidity and air velocity plays a significant role in ther-
Mal comfort. Air movement determines the convective heat mass exchange
Omfo?: human body with the surrounding air. The modification of the air

vement around the human body can help control the thermal comfort leve‘l.
Iio:i‘c?n be done thrpug_h variation of the inlet and outlet bquﬂdafy _Cf’“d‘i

S In natural ventilation, the thermal comfort zone can shift to regions of
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higher air temperatures. Moreover, Allard recommended that the p, im
limit of indoor air movement is usually 0.8 m/s [Allard (1998)), i

II1. Physical Problem Formulation

Figure 3.1 shows the geometry of the library building illustrat
face regions. Figure 3.2 shows the plan view of the model illy

internal solid regions. The specifications of the boundary conditions differ
on every scenario.

i“g the Sur-
Strating the

(b)

Figure 3.1. Geometry of the Physical Model Showing the Surface Regions.
(a) Iso-2 View, (b) Iso-4 View.
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Figure 3.2. Plan View of the Physical Model Ilustrating Internzl Solid
Regions

IV. Mathematical Model and Solution Algorithm

The conservative form of the model equations that govern the time
dependent three-dimensional fluid flow, heat and mass transfer of a com-

pressible Newtonian fluid are written as follows.

4.1 Governing Equations
The Continuity Equation:

%+Vl(pU)=0

The Momentum Equation:

oot +VelpU @U):Vo!—p6+p[VU «.{VU)I]-S_;;

ot
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The Energy Equation:

3 f 7 )
( pjfuf {“p " v e (p{lhf”f ) = V [ ] (kVT)+ SE
ot (&)

Where:

h,, = is the specific total enthalpy expressed in terms of the spe.
cific static (thermodynamic) enthalpy, h. h = h ( P, T)

hmn = h+Y%u?

The transport equation for an additional variable (non-reacting scalar) ip
the presence of turbulence:

%?Jrv.(uq,)_v .{{poq, +S£'-Jv.(EJ} =5,

(e p

Where,
P = mixture density, mass per unit volume.
¢ = conserved quantity per unit volume, or concentration
¢ . .
p = conserved quantity per unit mass
So = volumetric source term, with units of conserved quan-
D tity per unit  volume per unit time.
¢

= kinematic diffusivity for the scalar
H: = turbulence viscosity, with Sct the turbulence Schmidt
number

Energy Sources: S = Sspec.g +CgT

The energy sources can be specified within sub-domains in terms
of a specified source value, S,..r and a linear source coefficient, C,.
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4.2. The k-¢ model.

The eddy viscosity hypothesis for the turbulence is applied in this
model. There are two new vanables being introduced into the system of equa-

tions.

k = is the turbulence kinetic energy defined as the vanance of the
fluctuations 1n velocity
¢ = is the rate at which the velocity fluctuations dissipate.

The model equation for fluid flow, heat and mass transfer then be-
comes:
Continuity Equation:

? +‘~.(pf"_—“
&

Momentum Equation

(2! + \.(p{ ool ’ \..Il‘rﬂ Vi l \‘P' + V .l}i,-{f Vi V + B
or

Where,
B = the sum of body forces
peff = the effective viscosity according to turbulence
P’ - the modified pressure givenby g7 - p o %M

Since the k-¢ model is based on the eddy viscosity concept, then

Hq] =R,

where,
p, = turbulence VISCOSItY

Hr =Cpu :
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And. the transport cquation for the turbulence Kinetic energy and

turbulence dissipation rate is given by:

L l', 2 z )
PR L v o (ppuk) v-[F U \’k] P pe
ot o )]

SRTH L ) B X . )
L V'(I‘l“") v '[l 0y r.] (Cp ¢ ::2!“-)
Ot O k

‘where:

) Conooy, 0, A€ dimensionless constant.

C, - 144 |
C., =192 |

La

P = the shear production due to turbulence, which for incom-
pressible flow is given by,

T .
P=p VU -(VU +vu! ) -‘;V-U(p,\r.(f b pk)

V. CFD Analysis and Simulation using CFX 5.4.1

_ The process of performing a CFD analysis and simulation consists of
four software modules which are connected by the flow of information re-

quired.
CKFX -§
SOLVER MANAGER
CEX - SBUILD '
' CFX -5S§SOLVE _—— N .
> ER CFX S VISUALIZE
(Post Processor)

(Pre  Processor) s
(Nolver) >
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__-__________'_‘_-———-
o CFX-5BUILD

This is the component where the CFD model is generated. It involves the

following:

Defining the geometry of the region of interest.
Specifying the flow physics.

Specifying the boundary conditions.
Specifying the mesh parameters.

Setting the initial values and solver parameters.

oWt —

e CFX-5SOLVER

This component solves all the solution variables for the particular simula-
tion based on the problem specification generated. It uses a coupled solver
that solves all the hydrodynamic equations as a single system.

e CFX-5SOLVER MANAGER

This component gives a greater control over the management of the CFD
task, driven by a graphical user interface. This allows specifying the input
files to the CFX - 5 Solver. The progress of the solutions towards conver-
gence is monitored here.

o CFX-5VISUALIZE

CFX - 5 Visualize provides interactivé graphic tools used to analyze and
present the results from CFX - 5 simulations.
Some important features:

Visualization of the geometry and control volumes
Velocity vector and contour plots on arbitrary planes
Particle tracking

Iso-surfaces coloured with any variable

Coloured streamlines

Mesh visualization

on Ih e Ly =
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7. Colour posteript output

8. Dynamic animation
5.1. Creating the Geometry of the Physical Model

Proen Design Australia Pty. Ltd provided the geometry of the phys;.

cal model in an IGES format. A database 15 created with a global mode]
tolerance of 0.01. Creating a B-rep solid representation, completes the ge-
ometry. A B-rep sohd 1s defined by the surfaces enclosing a volume. A solid
is needed to create a Fluid Domain for the simulation.

In this research, three scenarios are performed. For Scenario [, only
one solid is created. This is represented by the external surfaces of the build-
ing. This solid then defines the Fluid Domain region.

For Scenario 2 and Scenario 3, the solid block regions such as region
40 and 47 inside the building is considered as a conducting fluid sub-domain
because these are assumed as a heat source. The external surfaces of the
building are treated as the Fluid Domain region.

5.1.  Creating the Fluid Domain

The Fluid Domain defines the type, properties and regions of the
flow. For the three cases, the Fluid Domain is the bounding solid rcprcscntcd

by the external surfaces of the building. The fluid models used for the simu-
lation are summarized below:

Reference Coordinate Frame = Coord )

Reference Pressure =101.325 kPa
Slmulgtion Type = Steady State
Domain Motion = Stationary
Available Fluid = Air at STP
Turbulence Model =k - epsilon

Heat Transfer Model

= Total Energ
Buoyancy Model e

= Non-Buoyant
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assumed in this research so that ime varta

A steady state condition 18
not significant. However, this 18 not the usual case in actual situation.

epsilon model is used for the simulation because it is proven to be
dicting flow pattern and temperature field distribution for
and inside a building [Sun and Huang (2001)].

tion 1S
Also, k-
effective in pre
turbulent modeling around

52. Creating the Fluid Sub-Domain

s a solid region within a predefined Fluid Do-

main that can be used to specify values for volumetric sources of energy and
momentum. For Scenario 2 and Scenario 3, the solid region, such as regions
40 and 47 inside the building, is defined as a volumetric heat source with a

heat input of 1300 watts.

A Fluid Sub-Domain 1

53. Specifying the Bou ndary Condition

n be solved by specifying the condi-

The Navier—Stokes equation ca
d Domain. Hence, the boundary

tions on the external boundary of the Flui
conditions determine the characteristics of the solutions obtained.

In this research, there are four types of boundary conditions such as
inlet, outlet, opening and wall that are used. The boundary conditions vary
for each scenario. The boundary condition is very important in obtaining a
reliable and accurate solution. To compare the accuracy, the value of the heat
transfer on the wall type boundary condition is evaluated using constant heat

flux and heat transfer coefficient value of the wall.

VI. Results and Discussions

The results of the experiment show that the wall boundary condition can
greatly affect the accuracy and reliability of the solution of the model flow
problem, particularly in the air temperature distribution. It was found out
that using heat transfer coefficient gives more reliable and accurate results as
compared to constant heat flux for the wall boundary condition values. This
is due to the influence of the heat transfer from the wall.

In addition, the movement of particles in ventilated areas is very compli-
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cated. This is influenced by scvcm.l factors, beL}Il as airflow patterns, Particle
e trical configurations, ventilation rates, supply anq exhayg

operiies, geome
prope R to the heat generated by occupants 5y, or

diffusers, thermal buoyancy due

equipment, ¢te.
6.1. Scenario 1

In this scenario. Celdek 35 is open for the outlet of air inside the room,
All the windows are closed. Four small vents such as vents 8, 9, 13 and |4
are open. A mass flow rate of 4.86 kg/sec at 26‘.32_ °C1is supp]igd at the inlet
celdek 37. Also, there is no generation of heat inside the building,

6.1.1. Using Heat Flux for the Wall Boundary Condition Value.

The results show that there is a big temperature difference inside the
building. The maximum temperature is 872.014 [K] while the minimum tem-
perature is 299.32 [K]. As can be seen, the maximum temperature is unreal-
istic. This is an abnormal temperature condition for a typical room air tem-
perature. The normal air temperature for good thermal comfort_ of the occu-
pants inside a building usually ranges from 27 °C to 32 °C dry bulb tempera-
ture. The increase of the temperature inside the building is due to the fact that
the wall boundary condition value is set to constant heat flux, which causes
a constant pumping of heat when the simulation is set to steady state.

(a). Air Temperature Distribution

Temperoture[K]

Fi
igure 6.1.1. 1. Iso-surface Plot of the 32°C Dry Bulb Temperature. ( Result

using constant heat flux for the wall boundary condition value)
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Figure 6.1.1.2. Surface and Contour Plot of Dry Bulb Temperature at 2
Meters Height. (Result using constant heat flux for the wall
boundary condition value)

(b) Air flow pattern
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Figure 6.1.1.3. Plot of Velocity Vectors at 2 Meters Height. (Results using
constant heat flux for the wall boundary condition value)
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6.1.2. Using Heat Transfer Cocfticient for the Wall Boundary Copg.

tion Value

{ are more accurate and reliable as compared 1,

The solutions obtained
the previous solution using constant heat flux for the wall boundary cond;.

tion value. Results show an improvement of the temperature inside the build-
ing. It can be seen that the maximum tcmpcrqtur_e reduces to 311 [K], which
gives a reliable temperature range inside a building. The use of constant heat
flux for the wall boundary condition value over-estimates the temperature
due to the continuous pumping of heat inside the building. Thus, for steady
state simulation, the wall boundary condition value must be set to heat trans-
fer coefficient to prevent constant pumping of heat inside the building.

(a) Air temperature distribution

‘311

3os. 1

3J05.2

Temperature[K]
LTRSS

298.3

Figure 6.1.2.1.

g:;?z;rfac.e Plot of the 32 °C Dry Bulb Temperature.
5 sult using heat transfer coefficient for the wall
oundary condition value) |
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Figure 6.1.2.2.

(b). Air Flow Pattern

Figure 6.1.2.3.
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Surface and Contour Plot of Dry Bulb Temperature at 2
Meters Height. (Result using heat transfer coefficient for
the wall boundary condition value)

IO.JE'??

Velocity[m s1-1]

"

Plot of Velocity Vectors at 2 Meters Height. (Result using

heat transfer coefficient for the wall boundary condition
value)

121



The Mindanao Forum

Vol XV No |
\'

6.2. Scenario 2 ‘

The air temperature distribution and alrﬂqw pattern can be ;
by varying the opening boundary condition. In this scenario, the gy
35 is closed. However, the four big windows such as windows 6, 1
26 are open aside from the four small vents. Results show that
improvement of the air temperature distribution and airflow patte
occupant zone. The opening of the four big windows helps to even ¢
bution and mixing of supply air stream to the room air.

Mproveq
€t celdek
1,23 ang
€re 18 an
™M in the
he distr;.

6.2.1. Air Temperature Distribution

Temperature[K]

Figure 6.2,]. Iso-Surface Plot of the 28
nurio 2)

°C Dry Bulb Temperature. (Sce-
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Figure 6.2.2. Surface and Contour Plot of Dry Bulb Temperature at 2
Meters Height. (Scenario 2)

6.2.2. Air Flow Pattern

The airflow pattern varies significantly due to the changes of the outlet
and opening boundary condition. Results show a good airflow distribution
on the occupants zone with a speed ranges from 0.1 m/sec to 0.3 m/sec.

At 2 meters height, air re-circulates near the lower side of the celdek due
to the thermal buoyancy and airflow pattern of the supply air stream. A lpw
air speed occurs near the heat source region due to the meeting of convective
current of supply air stream and the thermal buoyancy due to the heat source.
Near the sidewall, a “ creeping “ flow occurs moving directly towards the
open window.,
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Figure 6.2.3. Plot of Velocity Vectors at 2 Meters Height. (Scenario 2)

6.3. Scenario 3

This is very similar to Scenario 2 except that the four small vents such
as vents 8,9, 13 and 14 are closed. Most of the boundary conditions are the
same. The solution presented is the result of using heat transfer coefficient
due to the accuracy as compared to constant heat flux for the wall boundary
condition value.

6.3.1. Air Temperature Distribution

The maximum temperature inside the room is reduced by about 5 [K]
as compared to Scenario 2. As can be seen in Figures 6.3.1, the temperature
inside the building ranges from 299.3 [K]t0 310.8 [K]. This is due to the fact
that the entry of some hot outside air through the opening vent is reduced

T"Hs Causes the reduction of mixing of cold supply air stream and hot outside
air.
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Figure 6.3.1. Iso-Surface Plot of the 28 °C Dry Bulb Temperature. (Sce-
nario 3)
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Flgure 6.3.2. Surfce and Contour Plot of Dry Bulb Temperature at -
Meters Height. (Scenario 3)
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6.3.2. Air Flow Pattern

0.5784

m

0.4359

= 0.2934

velocity[m st—1]
o SRR

Figure 6.3.3. Plot of Velocity Vectors at 2 Meters | feight. (Scenario 3)

6.3.3. Particle Tracks

There are six particles released at the same location of Scenario 2.
Results show that closing the four small vents can greatly affect the particles
movement. Most of the particles move directly towards the open windows
?l?elt-l:: ;Vl:st side of the building due to the pattern of the supply air stream
. thriu l}*lot)l’]aﬂc}’ and closure of the four small vents. Instead of moving the
kg g !  vents, it bounces back through the space and moves through

er side driven by the airflow pattern of the supply air stream and ther-

mal buoyancy. The parti . :
central Spacc?’ particles move with a complex spiraling and mix at the
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0.6667

.4447
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velocity[m st-1]
4
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Figure 6.3.4. Top View. Particle Tracks of Six Small Negligible Mass
Particles Placed at Different Locations. (Scenario 3)

VII. Conclusions and Recommendations

The CFD technique using a commercial CFD package like CFX 5.4.1
was used in the numerical study of a naturally ventilated building. In most
design of ventilation, the main concern was the thermal comfort condition of
the occupants. The physical factors play a significant role in satisfying the
thermal comfort condition of the occupants. This includes the air tempera-

_ture distribution, airflow pattern and pollutants distribution inside the build-
ing.

A three dimensional simulation using CFX 5.4.1 was conducted in the
¢Xperiments. The physical model is a library building provided by Proen
Design Australia Pty. Ltd. There were three scenarios performed by simply
varying the boundary conditions. Based on the results presented, the follow-
g conclusions can be deduced:
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l

Phe CED analysis provides a gooadapproximation of (e solutig,
the Navier-Stoke equation: The accuracy depends on (he nu‘lnm-\.-“l'
the boundary conditions value and pod refinement. e wall hmin(;l
ary condhiion values can attect the accuracy and u‘h;\lnhty of (he "‘
mencal solution 1ewas tound out that the heat transte memcw:li
provides a more accurate and reliable results as compared (o C“Hh‘t'u‘u
heat lux ma steady state sumualation: The result shows that (e um: of
constant heat fluy overestimates the maximum IL‘IllpCl‘ulurc i"ﬁidc
the butlding. In addition, mesh refinement improves the accuraey of
the numenical solution, A very tine mesh is more accurate Compare
toa coarse mesh. However, the computational costis higher and oy
vergence s more difticult to achieve,

Fhe CEFD package hike CEX S0 has the capacity to simulate ang
predict the three dimensional distribution of areflow pattern, lempera-
ture and particle tracks. This 18 very useful in providing information
when veritving whether the ventilation desigr. for the building can
provide a satistactory environment for the thermal comfort of the
occupants,

The vanation of the outlet and opening boundary condition can af-
tect greatly the airflow pattern and particle’s movements. Moreover,
the heat source iside the building, like in Scenarios 2 and 3, can
affect the air temperature distribution, airflow pattern and particle’s
movement due to the thermal buoyancy effect.

The use of k-epsilon model provides better results.

Furthermore, in this research project, the outside temperature is assumed
constant during the simulation. However, in actual situation, the temperature
outside the building is affected by several factors such as the orientation of

the building and wind movement. Thus, it is recommended to eval

uate the

results using a transient simulation for more realistic results.
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List of Symbols
Symbol Description Dimensions
D Density - - [ M1
S The Identity Mgttrix or Kronecker Delta Function ' '
1 _[}‘_ynin1ic_\f_isccsi_ly_ _ _ I MLTT!
A Thermal Conductivity s |
¢ | Scalar Variable . | '-
c, Specific Heat Capacity at Constant Pressure LT |
¢ | Turbulence Dissipation Rate — BT ]
B Jux;__, B Effective Viscosity, ( +4, B - IMLTT?
~ 4 | Turbulent Viscosity B IMLTT?
L_____B_ Sum of Body Forces MLTS
| Dy Kinematic Diffusivity of an Additional Variable BT
== Mo Specific Total Enthalpy B [T N
"k | Turbulence Kinetic Energy per unit Mass T
T Mas FlowRals ]
m |
P | Modified Pressure ) L ___ML1 {in __
S Volumetric Source ) IMLUT
t Se; Turbulence Schmidt Number, ¢, 14/A R B
: S; Energy Source TMLTT?
. Su Momentum Source ML'TY
| T Temperature _ e
I U Velocity Vector | Tl ]

Source: CFX — 5 online manual
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