
Estimation of airflow 
characteristics of indoor 
environments in the early design 
stage

Abstract
Estimating indoor airflow characteristics of natural ventilation systems is very 

significant in the early design stage. It’s clear that for the early steps of design, ex-
isting numerical and experimental analysis methods are very time consuming and 
they require in depth knowledge of Fluid Dynamics. These methods are not effi-
cient especially in the case that the building form changes dynamically. Besides, 
both wind tunnel testing and Computational Fluid Dynamics simulations are not 
efficient when it comes to taking output in real-time. Due to all of these reasons, 
a need for a fast and robust method occurs. Particle-based algorithms are efficient 
methods for this type of analyses however they have not been used in architec-
tural aerodynamics. At this point, a very powerful method which doesn’t require 
mesh (control volume) is developed. In this study, the details of the developed 
algorithm and the output of it are given. The algorithm was assessed in three case 
studies of natural ventilation systems. As a result, it is seen that the developed al-
gorithm can be a guide in building-wind interaction analysis for architects in the 
early design stage. However, in our paper, we do not only present case studies, but 
also an analysis methodology from architectural and engineering perspectives. 
This is significant because the methodology and the results of this paper consti-
tute a guide for further researches on natural ventilation with a new method and 
consequently contribute to improved wind quality of indoor spaces. 
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1. Introduction
The significance of considering sus-

tainability in the early design stage 
meets the need for finding long-term 
solutions and reducing energy con-
sumption. If an architectural project is 
well planned and sustainable criteria 
are included in its early approach, the 
possibility to reduce negative impacts 
is greater and the cost of criteria imple-
mentation is greatly reduced. Enhance-
ment of the building’s sustainability 
performance should start already in 
the early design phase since the po-
tential of optimisation in this phase is 
higher and the influence of changes of 
the building and the construction costs 
are lower (Bragança & Andrade, 2014). 

There are several environmental 
parameters in building physics. One 
of the most important of them is the 
wind which has an important impact 
on the indoor comfort of buildings. 
The building-wind interaction can be 
estimated with one of three approaches 
or a combination of these: (1) in-situ 
measurements, (2) experimental analy-
sis through wind tunnel, or (3) numer-
ical analysis with Computational Fluid 
Dynamics (CFD) software. Since each 
approach has its own advantages and 
disadvantages, it is not always easy to 
decide which approach is the most ap-
propriate for a given problem. A signif-
icant disadvantage of in-situ measure-
ments and wind tunnel measurements 
is usually to get data only for specific 
points. In principle, techniques such 
as Particle Image Velocimetry (PIV) 
and Laser-Induced Fluorescence (LIF) 
make it possible to obtain all the data 
in planar or even three dimensions, but 
the cost of such technologies is serious-
ly high and application for complicated 
geometries can be hampered through 
laser-light shielding by the obstruc-
tions constituting the model, e.g. in 
case of an urban model consisting of 
many buildings (Blocken & Carmeliet, 
2004). In addition, recent studies of 
comparative studies of different wind 
tunnel laboratory studies have shown 
that in many cases there are large dif-
ferences of up to 50% (NIST Techni-
cal Report, 2009). Despite these un-
favourable conditions, a wind tunnel 

can be very reliable if compliance with 
international standards such as NIST 
TN1655 and ASCE / SEI 49-12 and 
ASCE 7 is provided. These standards 
define the minimum requirements for 
conducting and interpreting wind tun-
nel tests to assess wind loads on build-
ings and other structures. It is useful 
for those who are preparing, conduct-
ing and commenting on wind tunnel 
tests for buildings, including civil en-
gineers, architects and wind engineers 
(ASCE/SEI 49-12, 2012).

Wind flow characteristics can also 
be determined by CFD simulations. 
With these numerical simulations, it 
is possible to obtain high-resolution 
wind data in a very wide area around 
the building. In particular, precise re-
sults can be obtained with numerical 
analyses in which meteorological data 
are taken as velocity input and loga-
rithmic wind profile is used, a suitable 
turbulence model is determined and a 
sufficient number of iterations are per-
formed. However, the main problem 
with the finite element approach is the 
necessity of calculating a mesh that di-
vides the simulation area. Typically, the 
meshing phase takes more than 80% of 
the time of a fluid dynamic simulation 
(Liu, 2002). In addition, mesh quality 
is a critical factor in determining the 
accuracy of the solution. Besides, for 
such technical software, the geometry 
must be prepared again to comply with 
the input requirements. But in archi-
tectural practice, complicated mod-
els are very common and to re-create 
these models needs too much effort.

It is known that in the preliminary 
design phase, existing conventional 
methods are very time consuming and 
require a deeper knowledge of fluid 
dynamics. These methods are not ef-
ficient, especially if the building form 
changes dynamically. In addition, CFD 
simulations are impractical in terms 
of evaluating the preliminary design 
phase when data is taken in real time. 
For all these reasons, a fast and reliable 
method is needed. At this point, it is 
envisaged to write an algorithm that 
can work in real time, does not have 
limitations on geometry, and most im-
portantly does not need mesh.
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2. Development of a particle-
based algorithm

Three different steps have been fol-
lowed in order to write an algorithm 
in which the wind-interaction can be 
solved (Figure 1). In the first step, a 
simulation model was decided; the sec-
ond step was how to integrate physical 
equations; in the third and last stage, 
the solver (solvent) in which the solu-
tion of the equations can be carried out 
was determined. In the study, the wind 
current was reduced to particle scale. 
The next position and speed were esti-
mated according to the initial position 
and speed of each particle. During the 
estimations, the self-interaction be-
tween particles and the collision be-
tween particles and geometries were 
also integrated into the solution. 

2.1. Simulation model
To simulate a system, it is often 

necessary to try to match it as much 
as possible with the actual system. It 
should be noted that all parameters that 
should be taken from the actual system 
are selected carefully and all the com-

ponents that are not necessary for the 
simulation to be executed are removed. 
At this stage it is of the utmost impor-
tance to make the original system op-
timal for the analysis to be done, not 
copying the individual (Hensen, 2003).

In the case of building-wind interac-
tion, it is also necessary to simulate air 
as a fluid. For this purpose, the airflow 
is reduced to particle level in this study. 
In order to be able to analyse a very 
large field flow, the number of particles 
is increased. 

2.2. Integrating the 
equations of motion

The air current has been reduced 
to the particle level but it is necessary 
to define the equations for the inter-
action of the particles with each other 
and with the geometry. There are two 
methods for mathematically describ-
ing the flow in fluid dynamics. The first 
is to take the velocity as a function of 
time for each fluid particle (in other 
words, for each small mass in the flu-
id). It can be considered that a very 
small drop of paint is left on a stream 
of water and the direction and speed at 
which the paint moves at any time are 
also monitored. This corresponds to 
define the stream by using Lagrangian 
coordinates.

Another approach is to define fixed 
coordinates in this area by specify-
ing a limited measurement area. Then 
the velocity of each particle passing 
through the predefined points deter-
mined in this coordinate system is ex-
amined. This time, as the small paint 
droplet moves, the motion is defined 
separately at each point, which con-
tinues in succession at each point. The 
instantaneous position of the paint 
droplet is determined on a fixed grid 
with reference to the coordinate sys-
tem of the previously defined mea-
suring field, not according to its local 
coordinate system as in the Lagrangian 
method. This corresponds to defining 
the stream using Eulerian coordinates. 
To achieve realistic results in the La-
grangian integration, a large number 
of particles must be monitored (Figure 
2). The Eulerian integration, in which 
the flow is defined as an area and each 
particle is not tracked individually, but 
rather the velocities of the velocities 

Figure 1. Flowchart.



ITU A|Z • Vol 16 No 1 • March 2019 • I. Karadağ, N. Serteser

4

when passing through the spots in a 
grid system, seems more practical, but 
a fixed grid system will restrict the flow 
and will still need to define the mesh as 
in traditional CFD software.

In the Eulerian integration, the lo-
cation, mass, and velocity of the parti-
cles must be known. At the same time, 
since the real world is different in terms 
of the environment in which the sim-
ulation is run, it is necessary to refer 
to each frame that is refreshed on the 
screen and to find the speed and posi-
tion of the particles for the next frame. 
The greater the number of frames, the 
shorter the time between frames, and 
the estimates made converge much 
more to the truth.

The particles move at a speed that 
is initially defined, which is the wind 
speed in the case of wind –building 
interaction. In wind analyses, the ve-
locities of 10 m above the ground level 
obtained by long-time measurements 
carried out in meteorological stations 
are referred to. Considering the wind 
speed as a force that accelerates parti-
cles instead of directly describing it as 
fixed particle speed leads to closer re-
sults.

It is necessary to integrate basic 
physical equations for particle position 
and velocity estimation. The equations 
to be used are equations of motion and 
equations of motion known as New-
ton’s Second Law and give precisely 
how much an object will be accelerated 
under a net force. If the time is repre-
sented by “t”, it can be indicated by dt 
(time difference -delta time) between 
both frames during the simulation. 
Thus, the following known physics 
equations are written;

acceleration=force / mass 
(1)

change in position=velocity * dt
(2)

change in velocity=acceleration * dt
(3)

These equations should be inte-
grated into a code. At this point, with 
a simple example, it can be seen how 
the algorithm integrates the physical 
equations at the basic level. The output 
is given in Table 1 when a fixed force 
of 10 Newton is applied to a stationary 
object weighing 1 kilogram and the 
iteration is performed forward with a 

Table 2. Outputs of Table 1 when dt = 1 s.

Table 3. The last lines of the outputs of Table 1 when dt = 1/100 s.

Table 1. Integrating the equations of motion.
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time interval of one second (Table 1).
As seen in Table 2, at each step, both 

the position and the speed of the ob-
ject are known. This digital integration 
is known as Euler Integration and is 
the most basic digital integration tech-
nique. Only when the rate of change is 
constant over the time rate (time rate) 
is 100% correct. If the acceleration is 
constant in the given example, the in-
tegration of speed is error-free. But on 
the other hand, the position must also 
be found and for this, the speed is in-
tegrated, but the speed is not constant 
due to acceleration and it is increasing. 
For this reason, it may be predicted 
that position integration will be not ac-
curate. In order to be able to see the size 
of this error, a formula that tells how an 
object is moving under constant accel-
eration can be used, so that exact val-
ues are reached for the position:

position = velocity * time + ½ * acceler-
ation * t^2   

(4)
When the values are substituted in 

Equation 4, it seems that the object 
should be moved to 500 meters after 
10 seconds, but with Euler Integration, 
a result of 450 meters is obtained. This 
means that within a 10-second period, 
there will be a 50-meter faulty position 
difference. But dt = 1 second is not an 
ordinary time interval. Especially in 
game engines, physical simulations 
take place at a much lower time frame 
than the screen frame rate (the number 
of frames refreshed at the moment). 
Because in an average shot, each frame 
is 1/200 of the time that is left for phys-
ical simulations. If the time interval 
had been taken as dt = 1/100 seconds, 
i.e. if the object’s position was calculat-
ed 100 times in synchronous intervals 
every 1 second, the results would be 
much closer to reality (Table 3).

2.3. Solver
It has been shown how to integrate 

the position and velocity of a single ob-
ject up to this section, but it is known 
that particles must interact with each 
other and solid geometry in a build-
ing - wind interaction case. At this 
point, a force can be calculated at the 
contact point that occurs when the 
particles overlap each other and can be 
applied as an impulse to the particles. 
This force will make both particles no 
longer overlap with each other at the 
beginning of the next frame (House 
& Keyser, 2017). This is attempted to 
be performed only briefly for a single 
frame and is known in the literature as 
“impulse-based collision resolution” 
(Figure 3).

In architectural aerodynamics, 
thousands of particles are required to 
get high-resolution data. Until now, at-
tempts have been made to estimate the 
velocity and position of a single object, 
and also the collision state of two dif-
ferent particles have been investigated. 
In the next step, there is a need for a 
solution method which should also be 
sufficient for many particles. For this, 
it can be assumed that there are two 
particles called A and B, each of these 
two particles may be thought to coin-
cide with a particle named C. These 
two constraints are the two equations 
that need to be solved: A - C and B - C 
(Figure 4).

First, if the A-C interaction is sup-
posed to be solved, this will cause both 
A and C to move and completely sep-
arate from each other. But this time C 
starts to overlap with B since the inter-
action between C and B is not yet cal-
culated. (Figure 5).

This time, the interaction between B 
and C should be resolved. This solution 
allows B and C to no longer overlap 

Figure 2. Eulerian integration (I) - Lagrangian integration (II). Figure 3. Impulse-based collision resolution 
(p: collision point, COM: centre of mass, j: 
impulse force) (House & Keyser, 2017)



ITU A|Z • Vol 16 No 1 • March 2019 • I. Karadağ, N. Serteser

6

and to take their new position, but this 
time B and A start to overlap slightly 
(Figure 6).

In the previous step, since A and B 
were positioned separately for C, there 
was a collision again. But as resolution 
continues, it is likely that better results 
will be obtained (Figure 7).

Now that the solution is too close 
to converging and it can continue to 
iterate again. When the number of iter-
ations is reached, the particles will no 
longer overlap each other and the in-
teractions between the particles will be 
solved. The error (amount of overlap) 
for each pair will hopefully be reduced 
after each iteration, and eventually, 
both equations will be simultaneous-
ly satisfied. Although it seems very 
difficult to solve all interactions inde-
pendently and sequentially, it is actual-
ly an effective method and is known as 
the Gauss-Seidel method. In summary, 
if we find a method that can reach a 
solution by iterating only 5 times in-
stead of 10, we would say a faster con-
verging algorithm is obtained.

In the Gauss-Seidel method, the se-
quential solution is applied and each 
equation is solved independently of 
each other. The output from the previ-
ous step is used as input in the next step. 
However, both equations can be solved 
simultaneously with the same inputs 
and the output averages can be taken. 
The method emerging at this point is 
known as the Jacobi method (Figure 
8). Although Jacobi leads to more it-
erative results than the Gauss-Seidel 
method, both equations use the same 
output, so they can be solved concur-
rently so that the need to wait for the 
previous step is removed. This means 
that the solution can be executed in 
parallel. For example, a system consist-
ing of 25 equations can be solved by 25 
people independently, which means 25 
times faster results than Gauss-Seidel. 
Moreover, there is no point in which 
order the equations are solved, which 
leads to different results that can be 
obtained by moving in a certain order 
while solving the equations.

In summary, as the number of itera-
tions increases, the solution converges 
more, but if a real-time solution is tar-
geted, the optimal number of iterations 
must be determined. Less iteration 

means faster results, but this time the 
accuracy is reduced.

3. Methodology: 
Validation of the algorithm

When the wind-building interaction 
is analysed, the flow characteristics 
around the basic geometries should 
be known. Since the algorithm gives 
results in a 2D plane, a similar exper-
imental setup is needed. Hele-Shaw 
flow permits visualization of this kind 
of flow in two dimensions. The exper-
imental setup created for Hele-Shaw 
flow can be seen in Figure 9.

Figure 4. The position of C according to 
A and B (white lines correspond to the 
constraints).

Figure 5. Step 1:Interaction between A and C.

Figure 6. Step 1:Interaction between B and C.

Figure 7. Step 2:Interaction between A and C.

Figure 8. Steps of interaction resolved with Jacobi Method - I, II 
and III.



Estimation of airflow characteristics of indoor environments in the early design stage

7

Hele-Shaw flow is defined as Stokes 
Flow between two parallel flat plates 
separated by an infinitesimally small 
gap. Various problems in fluid mechan-
ics can be approximated to Hele-Shaw 
flows and thus the research of these 
flows is of importance. An approxima-
tion to Hele-Shaw flow is specifically 
important to micro-flows. This is due 
to manufacturing techniques, which 
creates shallow planar configurations, 
and the typically low Reynolds num-
bers of micro-flows. The governing 
equation of Hele-Shaw flows is identi-
cal to that of the inviscid potential flow 
and to the flow of fluid through a po-
rous medium.

4. Selected cases for 
experimental validation

Flat-faced and sharp-edged geom-
etries are often referred to as “bluff 
bodies” and appear in many building 
forms. Streamlines around these geom-
etries do not follow the surface of the 
geometry continuously throughout the 
flow, from the windward region to the 
leeward region. Instead, the flow sepa-
rates from the building surface at sharp 
corners, where the momentum of the 
fluid passes through the weak cohesive 
viscous forces holding the fluid togeth-
er. Along the separation line, a shear 
layer is formed and a turbulent wake 
area is developed in the leeward region, 
which is surrounded by the diverging 
stream from both sides. The predict-
able separation state of the stream 
always has similar characteristics at 
sharp edges and corners when the bluff 
bodies are concerned, and similar flow 

characteristics are observed even at 
very different wind speeds (Stathopou-
los & Blocken, 2016). 

Natural ventilation systems, which 
are known for reducing the depen-
dence on mechanical ventilation and 
reduce energy consumption, are effec-
tive strategies to achieve sustainable 
performance. The ventilation principle 
indicates how the exterior and interi-
or airflows are linked, and hence how 
the natural driving forces are utilised 
to ventilate a building. Furthermore, 
the ventilation principle gives an indi-
cation of how the air is introduced into 
the building, and how it is exhausted 
out of it.

Cross-ventilation is the case when 
air flows between two sides of a build-
ing envelope by means of wind-in-
duced pressure differentials between 
the two sides. The ventilation air enters 
and leaves commonly through win-
dows, hatches or grills integrated into 
the façades. The ventilation air moves 
from the windward side to the leeward 
side. A typical example is an open-
plan office landscape where the space 
stretches across the whole depth of 
the building. The airflow can also pass 
through several rooms through open 
doors or overflow grills. The term cross 
ventilation is also referred to when 
considering a single space where air 
enters one side of the space and leaves 
from the opposite side. In this case, 
the ventilation principle on the sys-
tem level can be either cross- or stack 
ventilation. As the air moves across an 
occupied space, it picks up heat and 
pollutants. Consequently, there is a 
limit to the depth of a space that can be 
effectively cross-ventilated. In this con-
text, a room with exactly the same ap-
ertures on both windward and leeward 
side walls was analysed and it was seen 
that the flow accelerated by the Venturi 
effect as expected. The Venturi effect is 
defined as the reduction in fluid pres-
sure that occurs when a fluid flows 
through a constricted section. This ef-
fect is clearly visible in both streamline 
view (algorithm) and the Hele-Shaw 
experiment (Figure 10). 

As a further alternative, a simple 
living space was addressed and the 
openings with different sizes were 
arranged on windward and leeward 

Figure 9. Experimental setup created for Hele-Shaw flow.
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sides. The expected state of cross ven-
tilation during the analysis was clearly 
observed. Flow development stages are 
given in Figure 11. In particular, it has 
been observed that the areas where the 
flow is separated and the wakes in the 
leeward region can be caught in a sig-
nificant accuracy. The direction of the 
airflow passing through the openings 
and the acceleration of flow also show 
the accuracy of the results to estimate 
the flow characteristics. As in the case 
of experimental verification, it was ob-
served that the algorithm could pro-
duce sufficient output for the prelimi-
nary design stage.

As another case, a simple room was 
addressed and the openings of the same 
sizes were arranged on windward and 
along sides. The expected state of cross 
ventilation during the analysis was 
clearly observed. Flow characteristics 
are given in Figure 12. In particular, it 
has been observed that the areas where 
the flow is separated and the wakes in 
the leeward region can be caught in a 
significant accuracy. The direction of 
the airflow passing through the open-
ings and the acceleration of flow also 
show the accuracy of the results to es-
timate the flow characteristics. As in 
the case of experimental verification, it 
was observed that the algorithm could 
produce sufficient output for the early 
design stage.

5. Conclusion
Details of a new algorithm for the 

assessment of indoor airflow charac-
teristics at early design stage were ex-
plained. This algorithm works in re-
al-time and does not require meshing 
(finite control volume). Three different 
steps have been taken in the algorithm 
development process: the design of the 
simulation model, the integration of 
physical equations and the design of 
the solver.

Architectural aerodynamics analysis 
mostly consist of external and inter-
nal cases, so the context of this study 
was limited with internal cases. In the 
scope of the study, three common nat-
ural ventilation cases have been anal-
ysed by both the developed algorithm 
and the experimental setup. As a result 
of validation studies, it was seen that 
the developed algorithm can be a guide 

for the building-wind interaction anal-
ysis for architects in the early design 
phase. In particular, real-time analyses 
will enable architects to get real-time 
data. So that architects will be able to 
change the building form according to 
the results. The real-time output of the 
algorithm provides a guide for them to 
determine the optimum building form 
regarding the wind - building interac-
tion. Besides, this particle-based algo-
rithm, in which the parameters having 
limited effect to the results are deter-
mined in advance, is developed con-
sidering architectural practice.

The algorithm needs to be verified 
numerically by computational fluid 
dynamics software and in the wind 
tunnel experimentally as well. Further-
more, the algorithm will be improved 
to simulate small details in the building 
envelope by means of allowing simula-
tion with a more significant number of 
particles.
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