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Abstract

Proper utilization of natural ventilation can provide large ventilation rate without
the consumption of energy. This chapter introduces the prediction, measurement,
form, and design of natural ventilation along with an example. The prediction
model includes single-zone model, multi-zone model, and CFD model, among
which CFD model is the most frequently used tool to analyze airflow distribution
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inside or around buildings. Porous screens fixed on openings to prevent insects
and particulates could increase the airflow resistance through openings, resulting
in great reduction in ventilation rate. Tracer gas methods are considered as the
most commonly utilized method to measure ventilation rate, especially the tracer
gas concentration decay method. As natural ventilation is driven by wind or
buoyancy, the commonly used natural ventilated building form includes wind-
driven ventilation form, buoyancy-driven ventilation form, and the combination
of those two. In addition, measures which can be used to enhance natural
ventilation performance such as atrium ventilation, ventilation cap, and solar
chimney are also involved. A general procedure of natural ventilation design
includes architectural plan, system layout, component selection, vent sizing,
control strategy development, and detailed design drawing. The opening size is
calculated based on factors such as certain geometry, climate, and building’s
configuration. The methods of opening size calculation consist of direct methods
and indirect methods. Direct methods are derived from simple buildings where
the ventilation rate is a simple function of the governing parameters. Indirect
methods try different opening size combinations and identify the best one based
on network models. Besides, an existing architecture example and its natural
ventilation performance are also introduced.

Keywords
Natural ventilation - Ventilation rate - Multi-zone model - Porous screens -
Cross-ventilation

Introduction

With the development of economic and the improvement of people’s living standard,
people spend more and more time staying inside buildings. According to Wang [1],
most people spend 70%-90% of their time indoors. Volatile organic compounds
(VOC) released from buildings, furnishings, cooking, smoking, and inorganic com-
pounds generated from people’s metabolism (especially CO,) are indoor air pollut-
ants which cannot be neglected [2]. Ventilation is the most direct and effective way
to dilute indoor air pollutants as well as satisfy occupants’ thermal and wet comfort.

Natural ventilation is the flow of outdoor air caused by wind and thermal
pressures through intentional openings in the building’s shell [3]. The application
of natural ventilation possesses a long history. Evidence of the use of natural
ventilation in China can date back to the Neolithic period. Natural ventilation
technology varies with regions as the local climate conditions change. For example,
people in Xishuangbanna use bamboo ventilation buildings to acclimatize them-
selves to hot and humid climate, while people in Xinjiang base on thick walls to
accommodate dry and hot climate. As a Chinese philosophical system of harmoniz-
ing people with the surrounding environment, feng shui was extensively used to
orient buildings depending on wind, water, mountains, and so on [4]. Feng shui
advocates utilizing wind gently. Besides, rational space and orientation are also
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involved in feng shui theory. At the end of the twentieth century, China has gradually
carried out research on traditional suitable technology in the field of construction
technology. However, the fact that natural ventilation depends too much on the
climate conditions makes it difficult to guarantee adequate control of thermal
comfort and indoor air quality (IAQ) all the time [3]. It is in the past 150 years or
so that mechanical ventilation has been widely used in public buildings such as
hospitals and commercial buildings where good IAQ needs to be ensured.

The energy crisis in the 1970s evoked an urgent need to reduce energy consump-
tion [5]. Building energy consumption accounts for about 20%—-25% of the total
delivered energy consumed worldwide, which has been increased by an average of
1.5% per year from 2012 to 2040 for OECD nations [6, 7]. The average energy
consumption of a mechanical HVAC system occupies 50%—60% of total building
energy consumption [8, 9]. To save energy, ASHRAE Standard 119 [10] and the
National Building Code of Canada [11] encourage to strengthen the tightness of
buildings which could result in poor natural ventilation performance. Inadequate
ventilation performance would finally cause sick building syndrome (SBS) and
building-related illness (BRI) for occupants in the buildings. Due to the expected
threat of influenza pandemic, the ventilation rate and air distribution in hospitals
have received increasing attention, especially after the epidemics of the severe acute
respiratory syndrome (SARS) in 2003 [12]. In order to minimize the cross infection
risk in hospitals and isolation rooms, engineering control methods were suggested in
airborne infection isolation (AIl) rooms [13]. The ventilation rate is stipulated to
12ACH at least, and the airflow is strictly ruled to flow from clean area to dirty area
[13]. Although higher ventilation rate is able to provide a higher dilution capability,
it also indicates a higher energy cost and equipment cost for a ventilation system. In
terms of some developing countries like Slovenia, such high-cost AIl rooms are
difficult to construct [14]. Even among the constructed AIl rooms, many of them
cannot meet the CDC standard [15—18]. Assuming the indoor air is well-mixed, the
infection risk of airborne transmission diseases can be calculated from the classical
Wells-Riley equation [19], as shown in Eq. (1):

Case

=l (1)

P
where P is the risk of airborne-transmitted diseases, p is the pulmonary ventilation
rate of each susceptible per minute (m*/h), 7 is the air change rate (ACH), g is the
quanta produced by one infector (quanta/h), a quantum of infection is the dose which
is necessary to lead infection to a new susceptible and may be one or more airborne
particles, Vis the volume of enclosed space (m?), and ¢ is the duration of exposure
(h). The higher the ventilation rate, the lower the risk of airborne-transmitted
diseases. According to Qian’s field measurement [12], natural ventilation can pro-
vide up to 69 ACH high ventilation rate when all the openings are open. With
appropriate installation of mechanical exhaust fans, a reasonable negative pressure
can be created which makes it possible to convert an existing naturally ventilated
ward into a temporary isolation room. Actually, the use of natural ventilation to treat
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tuberculosis could be traced back to more than 100 years ago [20]. As natural
ventilation has great potential to remove indoor air pollutants, an increasingly
number of studies are carried out to apply natural ventilation in hospitals for
infection control [12, 21-25].

In general, natural ventilation can provide a high ventilation rate more econom-
ically than mechanical ventilation, yet its airflow and temperature are difficult to
predict and control. The mass and energy conservation models of multi-zone natural
ventilation buildings are highly nonlinear equations that make the prediction of
natural ventilation complex. It is challenging to analyze the qualitative and quanti-
tative solutions of such nonlinear dynamic systems. The results are diversiform and
vary with initial conditions. Even with exact initial conditions, the solution may be
divergent due to very small disturbances. However, the modern natural ventilation is
also technology-dependent, which is the same as mechanical systems. Different from
traditional natural ventilation systems, natural ventilation today depends on modern
computer control system, modern design of ventilation openings, assisting fan
design, etc. Therefore, if properly designed, natural ventilation can also be reliable,
especially when combined with a mechanical system using the hybrid ventilation
principle [26].

This chapter will introduce a general introduction to natural ventilation. At first, it
provides the reasonably comprehensive prediction and measurement of natural
ventilation. Secondly, it summarizes the natural ventilation form and methods to
enhance the performance. The third part aims to describe how to design a natural
ventilation building and provide some examples.

Prediction of Natural Ventilation

Natural ventilation supplies air and removes air from an indoor space without using
mechanical systems. It can provide high ventilation rate with little energy consump-
tion. Almost no equipment is needed to occupy areas. Besides, the initial and
operating costs are also lower than those of mechanical ventilation. However, natural
ventilation rate and air distribution are greatly dependent on outdoor climate, making
them difficult to analyze and predict.

There are various analytical methods for natural ventilation. Firstly, the single-
zone model based on the analysis of pressure difference is easy to understand and
apply, but it is limited to simple buildings only. Secondly, the multi-zone models
such as COMIS and MIX can be used to calculate large buildings with high
computation speed, yet it is complicated to operate, and the results are not intuitive
to display. Thirdly, some CFD software such as Fluent, FloVENT, STAR-CD, and
Phoenix can describe the airflow distribution inside and around the building with
very intuitive results, but the operation is complicated and the computation is time-
consuming. Finally, experiments such as salt-bath scaled model or full-scale exper-
iment can deflect some physical characteristics of natural ventilation, and the results
are reliable, but these cost a lot of labor and resources to operate.
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Single-Zone Model

There are two types of natural ventilation occurring in buildings, respectively, wind-
driven ventilation and buoyancy-driven ventilation. Wind-driven ventilation arises
from different pressures created by wind around and flows into a building through
openings on external envelopes. Buoyancy-driven ventilation occurs due to the
directional buoyancy force generated by temperature differences between the inte-
rior and exterior [27]. The air will flow through the window if the pressure difference
(AP) driven by wind or temperature difference exists on both sides of the window.
Besides, the resistance of air flowing through the window is equal to AP:

2
AP = c’% )

where AP (Pa) is pressure difference between the two sides of the calculated
window, v (m/s) is the velocity of air flowing through the window, p(kg/m’) is air
density, and { is the local resistance coefficient of the window.

Equation (2) can be changed into

V= M_P:Cd ZA_P 3)
\/ cp \/ p

where Cy is the discharge coefficient of the window related to the construction of the
window Cq = \/1/& In general, C, is equal to 0.61.
The rate of air flowing through the window can be calculated as

[2AP
gy = VA = C4A T “4)

where 4 (m?) is the area of the window, ¢, (m?/s) is the volume ventilation rate, and ¢
(kg/s) is the mass ventilation rate.

According to the above equations, if the pressure difference AP between the two
sides of the calculated window and the window area A remains known, the ventila-
tion rate g through the window can be obtained.

Natural Ventilation Driven by Buoyancy

As illustrated in Fig. 1, a building has two equal-area windows (@ and b) at different
heights on the same side of the external envelope. The letter 4 represents the height
difference between the two windows; P, and P, represent the static pressure at the
same height of the windows a and b, respectively, outside the building; and P, and
Py represent the static pressure at the same height of the windows « and b,
respectively, inside the building. #; and ¢, stand for the indoor and outdoor air
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Fig. 1 Buoyancy-driven
ventilation

t, Po = Lpi

temperatures, respectively. p; and p,, indicate the indoor and outdoor air densities,
respectively. If ¢, > ¢, p; < po.

According to the theory of fluid statics, the internal-external pressure difference
(AP,) at window b can be expressed as

APy = (Py — Py) = (Pq — ghp;) — (Pa — ghp,)
= (Pg—Pa) + ghlp, — p;) (6)
= AP, + gh(p, — pi)

where AP, (Pa) and AP,(Pa) are internal and external pressure differences at win-
dows a and b; if AP > 0, the air flows out. If AP < 0, the air flows in; g (m/s?) is
gravity acceleration.

According to Eq. (6), if AP, = 0, as long as py > p; (t; > t,), AP, > 0. Therefore,
when both windows a and b are open, air will flow out through window 5. With the
indoor air flowing out, static pressure inside gradually decreases. The value (P,—P,)
varies from 0 to minus; at the same time, the outdoor air flows in through window a.
When the air supply rate of window a equals to the air exhaust rate of window b, the
indoor static pressure becomes stable. When air flows in through window a, AP, < 0;
when air flows in from window b, AP, < 0.

Equation (6) can be changed into

AP, + (—AP,) = AP, + |AP,| = gh(p, — p;) (7

Equation (7) shows that the sum of the absolute pressure differences at the supply
and exhaust windows is related to the height difference /# between the two windows
and the air density difference (p,—p;) inside and outside the building. The term gh
(po—p;) 1s defined as the buoyancy pressure. If there exists no air temperature
difference between the indoor and outdoor windows or no height difference between
the windows, natural ventilation will not occur. Actually, natural ventilation can also
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Fig. 2 Variation of the
pressure difference along the
height of the building

b\

neutral surface
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occur with only one window. The upper part of the window exhausts air, and the
lower part supplies air under such circumstances. It is equivalent to the condition that
the two windows become together.

Without special explanation, “pressure difference” represents the static pressure
difference between a certain point inside the building and another point of the same
height outside the building, taken as P,. The pressure difference at window a is
indicated as P,,. If P, is bigger than 0, the air flows out. If P, is less than 0, the air
flows in. If the center plane of window a is taken as the datum, the pressure
difference at the calculated window can be obtained as

P{ =Py +gh(p, — p;) ®)

where Pj;(Pa) is internal pressure difference at the calculated window, P,,(Pa) is
internal pressure difference at window a, and /' is the height difference between the
calculated window and window a. The greater the height difference /', the greater
the pressure difference at the calculated window. As static pressure of each point in
the same horizontal plane is equal, the pressure difference at a window is equal to
that at each point on the center plane of the calculated window. Under the buoyancy
pressure effect, the pressure difference along the height of the building changes is
shown in Fig. 2. The values of the pressure difference increase gradually from
negative at the air supply window to positive at the exhaust window. The surface
where the pressure difference equals zero is defined as neutral surface, and Fig. 2
shows surface 0-0. No air flows through the neutral surface.

If the neutral surface is taken as the datum plane, the pressure difference at
window a is

Py =Py — M (po 7pi)g = 7h1(po 7p1)g (9)

The pressure difference at window b is
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be :Pxo+h2(p0—p,—)g:hZ(Po_/)i)g (10)

where P, is pressure difference on the neutral surface, which is equal to zero; 4; is
the height between window a and the neutral surface; and 4, is the height between
window b and the neutral surface.

Equations (9) and (10) present that the absolute value of the pressure difference at
a certain window 1is related to the height between the neutral surface and the
calculated window. If ¢; > ¢, the pressure difference above the neutral surface is
positive, causing air flowing out of the window. The pressure difference below the
neutral surface is negative, which leads to air flowing in the window.

Natural Ventilation Driven by Wind
When wind flows around a building, the pressure distribution of wind will change due
to the obstruction of the building. On the windward side, the static pressure increases
when the kinetic pressure decreases. On the side surface and leeward surface, the static
pressure decreases due to the local vortex. The increase or decrease of the static
pressure causes wind pressure on the building surface. When the static pressure
increases, the wind pressure is positive. Otherwise, the wind pressure is negative.
The wind pressure distribution around a building is related to the geometry of the
building and the outdoor wind direction. When the wind direction is constant, the
wind-driven pressure at a certain point on the external building envelope can be
expressed as follows:
Vo2

Py =Cp=

Po (1)
where Cp is wind pressure coefficient, 1,(m/s) is outdoor air velocity, and p, (kg/m?)
is outdoor air density.

On the external envelope of a building, if there are two windows with different
wind pressures, the window with larger wind pressure coefficient will supply air, and
the other one will exhaust air. If the temperature difference between the inside and
outside is zero, no buoyancy pressure occurs. As presented in Fig. 3, the wind speed
is represented as v,,, the wind pressure on the windward window is Py, and the wind-
driven pressure on the leeward window is Py, (Pg, > Pg,). The pressure difference on
the central plane of the window is P,. Without the effect of buoyancy pressure, the
pressure difference at each point inside the room keeps equal. If window a is open
and window b is closed, the indoor pressure difference gradually increases due to the
effect of wind-driven pressure. When the indoor pressure difference is equal to the
wind-driven pressure (Pyx = Py,), the air stops flowing. If both window a and window
b are open, the air will flow out through window b as Pp > Py, and Py = Pg,
P, > Py, With the air flowing out, the pressure difference P, decreases until Py, > P,.
The outdoor air flows into the room through window a when Py, > P,. It keeps stable
(Pga > Px > Pg,) when the air supply rate through window a is equal to the air
exhaust rate through window b.
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Fig. 3 Wind-driven Vw
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The distribution of wind pressure coefficient C,, on buildings’ surfaces varies with
the geometries of buildings and the wind direction. C, on the windward side is
positive, while that on the roof side and the leeward side remains negative. Whether
C,, on the side face is positive or negative depends on the angle relative to the main
wind direction. Figure 4a, b illustrates the distribution of wind pressure coefficient
on building’ surfaces with flat roof and with slope roof, respectively. The airflow rate
through an opening depends on the pressure both outside and inside. The inside
pressure can be calculated through law of mass conservation if wind pressure is the
only source of the inside pressure and no separator exists inside the building.
Considering there is a building with four walls numbered from 1 to 4, each wall
has an equal-area opening. If the outside wind pressure coefficientis C,,, (n = 1. . .4),
the inside wind pressure coefficient is C,;, and the airflow rates in or out the openings
are proportional to the square root of the difference between the inside and outside
wind pressures, as shown in Eq. (12):

Gn X A/ Cpn — Cpi (12)

If airflow is supplied through opening 1 (C,; > 0) and removed through opening
24 (Cpz,3.4 < 0), the inside wind pressure coefficient can be calculated by Eq. (13):

4
’(Cpl - Cﬂi)‘l/z = Z ‘(Cpi - Cpn) ’1/2 (13)
n=2

If there are separators inside the building and both outer wall and interior wall
have equal-area openings, the inside wind pressure coefficient of each cubicle can be
calculated through using the above method separately. If the openings’ areas are not
equal, the openings’ areas should be counted in, which can be found in Egs. (14),
(15), and (16) [28]:
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Main view

E

Plane view

T°F

Plane view

Main view

Fig. 4 The distribution of wind pressure coefficient on buildings’ surfaces. (a) Building with flat
roof. (b) Building with slope roof

q = (CaA)" /24P /p, (14)

1 1
C4A)" = 15
(Cat) \/(Cd1A1)2 i (CarA)? 4>

1
AP = 5,00?2’ (Cpn — Cpi)| (16)

Liddament [29] analyzed the C, values on different surfaces of a three-story-high
square building and a rectangle building under the consideration of the building
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group around and wind direction. The results can be used to calculate ventilation rate
roughly according to Tables 1 and 2.

Natural Ventilation Driven by Wind and Buoyancy

When a building (as shown in Fig. 7) is affected by both wind pressure and buoyancy
pressure, the total pressure difference between the inside and outside of the calcu-
lated window is equal to the sum of the wind-driven pressure difference and
buoyancy pressure difference. Besides, it is equal to the outdoor wind pressure
subtracting the static pressure difference between the inside and outside at the
same height. The total pressure difference at window a can be expressed as

Vo2
AP, =Py, *Cp,aTPo 17
The total pressure difference at window b is
Vo2 Vo>
APh = be - Cp,bipa = an + hg(po _pz) - Cp b*ﬂo (18)

2 2

where Py, (Pa) is the pressure difference at window a; Py, (Pa) is the pressure
difference at window b; C,, , and C,, ; are the wind pressure coefficient of window a
and b, respectively; and /4 indicates the height difference between windows a and b.

The wind speed and direction change frequently and are not stable at all.
Therefore, the effect of buoyancy pressure in the actual calculation rather than
wind-driven pressure should be taken into consideration to ensure the design effect
of natural ventilation. However, the influence of wind-driven pressure on natural
ventilation must be qualitatively considered.

Multi-Zone Model

The multi-zone model is derived from the single-zone model which assumes the
entire building as a control volume. In the single-zone model, the interior of the
building is considered to be a single, well-mixed region, and the pressure and
temperature distributions are uniform, suggesting only one node exists in pressure
difference calculation. The internal pressure point is connected to an external
pressure point or to a plurality of external nodes with different pressures. Compared
with the multi-zone model, although the single-zone model requires fewer condi-
tions, it cannot provide the airflow distribution of the external wall.

Multi-zone model assumes that the distribution of the characteristic parameters of
each room are uniform which means a room in the building is regarded as a node and it
can be connected to other rooms through windows, doors, crevices, etc. Multi-zone
model uses the Bernoulli equation to solve the pressure on both sides of the opening
and then calculates the airflow based on the relationship between pressure and flow. It
is only suitable for predicting the ventilation rate of the multi-zone buildings whose
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Table 1 The C, values on difference surfaces of a building like Fig. 5 [29]

C, values, wind direction o

Surface | 0 45 90 135 180  [225 270 315
(a) Without block (the building is located in an open area)
1 0.7 0.35 —0.5 —0.4 —0.2 —-04 —0.5 —0.35
2 —0.2 -0.4 —0.5 0.35 0.7 0.35 —0.5 —0.4
3 -0.5 0.35 0.7 0.35 —0.5 —-0.4 —0.2 —0.4
4 —0.5 —-0.4 —0.2 —-0.4 —0.5 0.35 0.7 0.35
The angle of the roof is <10°
Front —0.8 —0.7 —0.6 —0.5 —-04 —0.5 —0.6 —0.7
Back -0.4 —0.5 —0.6 -0.7 —0.8 —0.7 —0.6 -0.5
The angle of the roof is 11°-30°
Front —0.4 —0.5 —0.6 —0.5 -0.4 —0.5 —0.6 —-0.7
Back -04 —0.5 —0.6 —0.5 —-0.4 —0.5 —0.6 —0.5
The angle of the roof is >30°
Front 0.3 —-0.4 —0.6 —-0.4 —0.5 —-04 —0.6 —0.4
Back -0.5 —-0.4 —0.6 —-0.4 -0.3 —-04 —0.6 —0.4
(b) With some block (the building is located in an open area with some lower constructions
around)
1 0.4 0.1 —0.3 —0.35 —0.2 —0.35 —0.3 —0.1
2 —0.2 —0.35 —0.3 0.1 0.4 0.1 —0.3 —0.35
3 —0.3 0.1 0.4 0.1 —0.3 —0.35 —0.2 —0.35
4 —0.3 —0.35 —0.2 —0.35 —0.3 0.1 0.4 0.1
The angle of the roof is <10°
Front —0.6 —0.5 —-0.4 —0.5 —0.6 —0.5 —0.4 —0.5
Back —0.6 —0.5 —-0.4 —0.5 —0.6 —0.5 —-0.4 -0.5
The angle of the roof is 11°-30°
Front —0.35 —0.45 —0.55 —0.45 —0.35 —0.45 —0.55 —0.45
Back —0.35 —0.45 —0.55 —0.45 —0.35 —0.45 —0.55 —0.45
The angle of the roof is >30°
Front 0.3 —0.5 —0.6 —0.5 —0.5 —0.5 —0.6 —0.5
Back —0.5 —0.5 —0.6 —0.5 -0.3 —0.5 —0.6 —0.5
(c) With block (the building is located in downtown area with high constructions around)
1 0.2 0.05 —0.25 —0.3 —0.25 —0.3 —0.25 —0.05
2 —0.25 —0.3 —0.25 0.05 0.2 0.05 —0.25 —0.3
3 —0.25 0.05 0.2 0.05 —0.25 —0.3 —0.25 —0.3
4 —0.25 —0.3 —0.25 —0.3 —0.25 0.05 0.2 0.05
The angle of the roof is <10°
Front -0.5 —0.5 —-0.4 —0.5 -0.5 —0.5 —-0.4 -0.5
Back -0.5 —0.5 —-0.4 —0.5 —0.5 —0.5 —-04 —0.5
The angle of the roof is 11°-30°
Front —0.3 —-04 —0.5 —0.4 —0.3 —-04 —0.5 —-0.4
Back —0.3 —-04 —0.5 —-0.4 —0.3 —-0.4 —0.5 —-0.4
The angle of the roof is >30°
Front 0.25 —0.3 —0.5 —0.3 -0.4 —0.3 —0.5 -0.3
Back -0.4 —0.3 —0.5 —0.3 0.25 —0.3 —0.5 -0.3
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Table 2 The C, values on difference surfaces of a building like Fig. 6 [29]
C, values, wind direction o
Surface | 0 45 90 135 (180 225 270 315
(a) Without block (the building is located in an open area)
1 0.5 0.25 -0.5 —0.8 -0.7 —0.8 —0.5 —0.25
2 —0.7 —0.8 -0.5 0.25 0.5 0.25 —0.5 -0.8
3 -0.9 —0.2 0.6 0.2 —0.9 —0.6 —0.35 —0.6
4 -0.9 —0.6 —0.35 —0.6 —0.9 0.2 0.6 0.2
The angle of the roof is <10°
Front —0.7 —0.7 —0.8 —0.7 -0.7 —0.7 —0.8 —0.7
Back —0.7 —0.7 —0.8 —0.7 -0.7 —0.7 —0.8 —0.7
The angle of the roof is 11°-30°
Front —0.7 —0.7 —0.7 —0.6 —0.5 —0.6 —0.7 —0.7
Back —0.5 —0.6 —0.7 —0.7 —0.7 —0.7 —0.7 —0.6
The angle of the roof is >30°
Front 0.25 0 —0.6 -0.9 —0.8 -0.9 —0.6 0
Back —0.8 -0.9 —0.6 0 0.25 0 —0.6 -0.9
(b) With some block (the building is located in an open area with some lower constructions
around)
1 0.25 0.06 —0.35 —0.6 —0.5 —0.6 —0.35 0.06
2 -0.5 —0.6 —0.35 0.06 0.25 0.06 —0.35 —0.6
3 —0.6 0.2 0.4 0.2 —0.6 —0.5 —0.3 —0.5
4 —0.6 —0.5 —0.3 —0.5 —0.6 0.2 0.4 0.2
The angle of the roof is <10°
Front —0.6 —0.6 —0.6 —0.6 —0.6 —0.6 —0.6 —0.6
Back —0.6 —0.6 —0.6 —0.6 —0.6 —0.6 —0.6 —0.6
The angle of the roof is 11°-30°
Front —0.6 —0.6 —0.55 —0.55 —0.45 —0.55 —0.55 —0.6
Back —0.45 —0.55 —0.55 —0.6 —0.6 —0.6 —0.55 —0.55
The angle of the roof is >30°
Front 0.15 —0.08 —0.4 —0.75 —0.6 —0.75 —-0.4 —0.08
Back —0.6 —0.75 —0.4 —0.08 —0.15 —0.08 —-04 —0.75
(c) With block (the building is located in downtown area with high constructions around)
1 0.06 0.12 —0.2 —0.38 -0.3 —0.38 —0.2 —0.12
2 —0.3 —0.38 —0.2 0.12 0.06 0.12 —0.2 —0.38
3 —0.3 0.15 0.18 0.15 —0.3 —0.32 —0.2 —0.32
4 -0.3 —0.32 —0.2 —0.3 —0.3 0.15 0.18 0.15
The angle of the roof is <10°
Front —0.49 —0.46 —0.41 —0.46 —0.49 —0.46 —0.41 —0.46
Back —0.49 —0.46 —0.41 —0.46 —0.49 —0.46 —0.41 —0.46
The angle of the roof is 11°-30°
Front —0.49 —0.46 —0.41 —0.46 —0.4 —0.46 —0.41 —0.46
Back -0.4 —0.46 —0.41 —0.46 —0.49 —0.46 —0.41 —0.46
The angle of the roof is >30°
Front 0.06 —0.15 —0.23 —0.6 —0.42 —0.06 —0.23 —0.15
Back —0.42 —0.6 —0.23 —0.15 0.06 —0.15 —0.23 —0.6
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Fig. 5 Sketch map of a three-
story-high square building
Surface 3 Surface 1 Surface 4
Surface 2
o
Fig. 6 Sketch map of a three-
story-high rectangle building
with 2:1 aspect ratio Surface 3 Surface 2 Surface 4
Surface 1
a

Fig. 7 Natural ventilation
driven by wind and buoyancy

parameters in each room are equally distributed, yet it is not suitable for predicting the
airflow distribution within the building. Nowadays, many software tools such as
CONTAMW, SPARK, COMIS, EnergyPlus, DOE-2, MIX, and DEST are developed
based on multi-zone model to predict airflow and temperature distribution. The
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Fig. 8 Geometric definition of zones and openings in MIX model

general steps of using the software tools include the establishment of building models,
the determination of initial parameters, and the calculation of results.

As pressure differences are the fundamental causes of airflow through zones, the
MIX (Multi-zone Infiltration and eXfiltration) model developed by Li [7] is based on
the calculation of pressure differences between different zones. Pressure differences
are resulted from buoyancy and wind, and bidirectional flow in each opening is
considered. Air temperature in all zones is assumed to be uniform and is regarded as
known parameters for simplification of the model.

Good geometry data management is conductive to implying the calculation process
of the pressure difference and flow rate equations; thus code efficiency can be
improved [7]. A proposed geometry data representing method is shown in Fig. 8.
The building is divided into N zones, and the outdoor is taken as Zone 0. The basic
zone division rule is that each boundary either separates two zones with significant air
temperature difference or provides significant flow resistance. Two coordinate systems
are used, respectively, a global coordinate and a local coordinate. The global vertical
coordinate z is chosen for the entire building, and the origin of z is at the ground level
of Zone 1. The lowercase letters such as 7;, /;, and f; represent the ceiling height,
middle height, and floor height of Zone i in global vertical coordinate, respectively.
The local coordinate ' is chosen for each zone considered. The origin of 2’ is at the
floor level of the zone. The capital letters such as R;, H;, and F; represent the ceiling
height, middle height, and floor height of Zone i in local vertical coordinate, respec-
tively. Z; = z—fi. In general, Fi = 0. R; = ri—f, H; = h,—f:.
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For a vertical opening at height z, the pressure difference between Zone i and
Zone 0 can be obtained as

1 z
Apa(2) = 50ColE0E) = & | (00 = Pz = (oo = poo) = poslc =) (19)
hi

where p, is the air density in Zone 0 (kg/m3), p; is the air density in Zone i (kg/m3),
C, is the wind pressure coefficient on the building surface, v is wind speed (m/s), and
g is the gravitational acceleration (m/s2). A positive pressure difference always
indicates inflow to Zone i as a convention. The term (py;—pgo) is defined as the
zonal internal pressure, p;, at the height H,(%,) relative to the ambient pressure at the
datum level H;(%;).

The ventilation rate of Zone i through opening j is g; ;:

q;,i = KA(|Ap])"sgn(Apiy,) (20)

where K; is the flow coefficient which is determined by the shape, size, and
permeability of the openings and A4 is the area of the opening. For the sake of
simplicity, » is taken as 0.6 for small openings. If the equation is also used for large
openings, K, = Cd\/% and n = 0.5 [7]. Take the derivative with respect to z,
Eq. (29) can be deduced as

dg = K:b(| Apyy )"sgn(Apm)dz (21)

where b is the opening width. The airflow through all zones in the same building
(a control volume) conforms with mass conservation equation. Therefore,

N;
> git+a,+q.=0 (22)

=1
where N, is the number of all the openings and ¢, and g, represent the air supply rate
and exhaust rate of mechanical ventilation, respectively, if the calculated building is
hybrid-ventilated. Each zone has a set of differential equations of the internal pressure
differences p; if Eqs. (21) and (22) are combined together. Then, the internal pressure
differences can be solved, and the same is the ventilation rate of each opening.

Computational Fluid Dynamics (CFD) Model

Computational fluid dynamics (CFD) model, also considered as numerical simula-
tion model based on computers, achieves the purpose of solving engineering prob-
lems and physical problems by using numerical calculation and image display. The
basic principle is to use a large number of grids to divide the model space into many
tiny regions, solving the differential equations, governing the flow of the fluid by
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numerical method, and gaining the discrete distribution of the flow parameters in the
continuous region. The numerical simulation method can provide the concrete
details of the fluid flow in the space, such as the time-varying characteristics of
velocity field, pressure field, and temperature field distribution, making the tradi-
tional building thermal environment research and design process evolve. At the same
time, the numerical simulation method can accurately predict the overall ventilation
performance and environmental parameters of the study object, which is easy to find
the engineering design problems from the analysis process. It only needs to be
recalculated once to determine whether the improvement is effective or not. More-
over, it is easier to obtain some regular knowledge based on this proposed improve-
ment program. During the period of thermal environment research, design, and
optimization, the dependence of the experiment and experience is greatly reduced
which can significantly shorten the experimental cycle and reduce costs.

The commonly used CFD softwares include Phoenix, Fluent, CFX, FIoVENT,
CFX, STAR-CD, etc. Fluent and Phoenix are more commonly used in the field of
ventilation and air conditioning. Phoenix has a great advantage in modeling the
interface with the outside world. The spatial model of the simulation object can be
created through using 3D MAX and CAD tools and then imported into the analysis
domain through the Phoenix input interface. Airpak, a software developed by Fluent
Corporation toward engineers, , and designers, which is professionally applied to the
HVAC field, can accurately simulate the air flowing, air quality, heat transfer,
contamination, and comfort of the ventilation system. It is optimized for modeling,
meshing, and post-processing. In comparison with Fluent software, Airpak is more
convenient to use and more suitable for those architects and engineers who do not
know much about CFD technology and fluid mechanics.

Application of computational fluid dynamics in building ventilation uses numer-
ical methods to solve the partial differential equations of momentum, energy, and
mass. The air temperature, pressure, airflow rate, water vapor pressure, and pollutant
concentration can be obtained from solving the CFD model. Using the CFD model to
simulate the ventilation process demands users’ professional ability and the high
performance of the computer. CFD model is extensively used in the study of indoor
air quality, thermal comfort, fire protection, and air conditioning systems. Compared
with other models, CFD model is the most commonly used analysis method. There
are many kinds of CFD software for wind environment analyzing.

After adequately understanding the project requirements and the simulation
purpose, general principles must be followed to ensure reliability of computer
simulation. Besides, the geometric model size of the physical model should be
constructed in accordance with the actual building size 1:1 and should include the
key components. Physical model should also be simplified on the premise of not
significantly affecting the physical quantity of the object. In addition, the symmetry
plane can be set according to the symmetry of the model and boundary conditions.

The computational domain should be determined on the basis of the building
geometry. When using the indoor and outdoor joint simulation method, the compu-
tational horizontal length and width should be greater than five times the building
height, and the calculation domain of the vertical direction should be greater than
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four times the building height. Beyond that, the usage of indoor and outdoor step-by-
step simulation method should follow the wind environment simulation requirements.

To construct the physical model, the model of doors, windows, and other venti-
lation openings of the building should base on the common opening and closing
situation, and the open area of natural ventilation should be set according to the
actual openable area. Moreover, the modeling of the interior space of the target
building should be established with all indoor partitions, which should contain large
cabinets, but do not include some furniture such as tables and chairs.

Based on the previous workers’ experience, the method of indoor and outdoor
joint simulation should adopt multi-scale grid, the indoor grid should be able to
reflect all the significant barrier ventilation of the indoor facilities, and the grid
transition ratio should not be greater than 2. When using indoor and outdoor step-by-
step simulation methods, the indoor grid should be able to reflect all the significant
barrier ventilation of the indoor facilities, and the ventilation port should have 9
(3%3) or more of the grid.

According to the characteristics of the calculated objects and the purpose of
calculation, the appropriate turbulence model is selected. The commonly used
turbulence models include standard k-¢ model, RNG k-¢ model, and LES model.

Before calculation, it is necessary to input reasonable boundary conditions
regardless of steady and nonsteady simulation. There is a unified set of basic
boundary conditions for outdoor condition. The basic boundary conditions for
warm environment simulation include outdoor wind speed, wind direction, and
outdoor air temperature. Besides, the basic boundary conditions should be deter-
mined based on the measured value of the project site and the purpose of the
simulation. Regarding indoor boundary conditions, natural ventilation simulation
does not have to consider the indoor thermal boundary conditions for the space with
height <5 m or volume <10,000 m>. Besides, thermal boundary conditions should
be set reasonably when analyzing the indoor thermal environment as a simulation
target or the court space is greater than the above criteria. Additionally, other
physical parameters such as density, thermal conductivity, and specific heat capacity
should be defined. Iterative time and other necessary calculation control parameters
are input ultimately.

The results obtained from CFD can be displayed in the form of figures and tables
by post-processing software, such as Tecplot and Origin.

The Influence of Porous Screens on Ventilation Rate

Most buildings in China use porous screens on openings to prevent insects and
particles. As porous screens provide an extra resistance for mass, momentum, and
heat transport, the natural ventilation rate and efficiency are inevitably changed by
porous screens [30].

For one-dimensional, steady-state airflow through a permeable material, the
motion equation can be expressed as follows [31]:
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(p/e*)u(0u/0x) = —OP/Ox — (u/K)u —/’(Y/Kl/z) |u|ue
+ (u/e) (0%u/0x*) (23)

with u = eu;, where u is the superficial fluid velocity (m/s), u; the velocity through
the material (m/s), p the density of air (kg/m’), P the pressure(Pa), x the flow
direction, K the permeability of the medium (m?), ¢ the porosity, and Y the inertial
factor. For highly porous materials, Reynolds number (Re; = ”"d%, where dpq.e is the
diameter of the bore) smaller than 100 to 150, the convective inertia effects ((p/sz)u
(Ou/dx)), and viscous resistance of fluid flow ((u/e)(9*u/dx)) can be ignored, while
the pore inertia effects (p(Y/K"?)ulu) and viscous resistance force caused by the
momentum transfer at matrix-fluid interface ((u/K)u) cannot be ignored [30]. Equa-
tion (23) reduces the Forchheimer equation:

(u/K)u + p(Y/K1/2) \ulu = —OP /Ox 24)

The permeability K and inertial factor ¥ can be derived by fitting the experimental
data of pressure drops as a second-order polynomial. A.F. Miguel [31] performed
measurements on 14 different screen samples and found the best fitted equations of K
and Yas follows:

K =3.44 x 107%°Y = 4.30 x 1072 />3 (25)

which is valid for 0.04 < e < 0.90. D.L Valera [32] measured the screen thickness by
conducting an analysis images system and gave the different correlation equations as

K =568x 10826 v =567 x 107211604 (26)

with 0.288 < e < 0.483.

For Re; bigger than 100 to 150, the convective inertia effects ((p/e?)u(du/dx))
cannot be ignored, while the viscous resistance force caused by the momentum
transfer at matrix-fluid interface ((#/K)u) can be ignored. Equation (23) reduces to

(p/€*)u(Ou/0x) = —OP[0x — p(Y/K]/z) |uu (27)

The integration of Eq. (27) yields to the Bernoulli-type equation:

1
AP:EFO,SpuzaFO,S:FO +Fy (28)
where Fg s is the loss coefficient of the screened opening, F the loss coefficient for
the unscreened opening, and Fis the loss coefficient of the screen. B.J. Bailey [33]
performed experiments on five insect screens and obtained a screen loss coefficient
equation:
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18 0.75 1 —¢
Fy=|—+—+————+0.055log(R 29
‘ Re log(Re + 1.25) + og( e)] [ &? } 29)
with Re = "dT“, where dy,m is the diameter of the yarn.

Equations (24, 25, 26, 27, 28, and 29) can be used to calculate the resistance
caused by porous screens and finally calculate the ventilation rate through screened
openings.

Measurement of Natural Ventilation Rate

Tracer Gas Method

As the frequency spectrum of natural ventilation varies frequently, the heat source,
temperature difference, opening strategy, wind speed, direction, etc. can make an
influential impact on the ventilation rate, airflow distribution, and direction. Tracer
gas method is the most reliable way to obtain the natural ventilation rate.

Tracer gas method is the process of releasing a small amount of tracer gas into the
measured room (or building) and recording its concentration varying with time.
Subsequently, the ventilation rate can be calculated from the obtained data based on
appropriate evaluation algorithms. During the measurement, the air is considered to
be completely mixed with no concentration gradients existing inside the room. The
measured room or building is considered as a single-zone system. Ideally, air
exchange only occurs between the tracer gas-containing air and the ambient air.
The air exchange with other interior spaces is thought to be negligible. The venti-
lation rate is assumed to be constant during the measurement. Thus, the ventilation
rate can be modeled by the mass balance equation, as shown in Eq. (30):

dCin’[ E
7 = n(Coul - Cin) + V (30)
Cin,r = Cin,O»t =0

where # represents time (h), Cj, , is the tracer gas concentration inside the room at the
time ¢ (ppm or pg/m”), Cin,o indicates the tracer gas concentration inside the room at
the time ¢ = 0 (ppm or pg/m?), C, is the tracer gas concentration at outside (ppm or
pg/m3), V is the volume of the measured room (m?), # is the air change rate (1/h or
ACH), and E is the tracer gas’s emission rate during the measurement (m>/h).

Equation (30) can be characterized by the following features: If no tracer gas is
emitted into the room (i.e., E = 0) and a non-zero tracer gas Cy, ¢ is already presented
at the 7 = 0 which is higher than the outdoor air concentration C,,,, the exact solution
of Eq. (30) can be expressed as follows:

Cin,t = (Cin,O - Cout)exp(_nt) + Cout (31
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If the tracer gas concentration outside is zero (i.e., Coy = 0), Eq. (31) can be
simplified as

Cin,t = (Cm’o)exp(—m) (32)

If the tracer gas is emitted at a constant rate £ and the initial tracer gas concen-
tration inside the room is equal to that at outside (Cino — Cour), the tracer gas will
accumulate within the room, and the exact solution of Eq. (32) can be expressed as

E
Cin,[ = W (1 — exp(—m‘)) + Cou[ (33)

For ¢t >> 1/n, the final equilibrium indoor concentration will be achieved, and
Eq. (34) can be simplified as

E

Coy =—
T v

(34
where C,, is the equilibrium concentration. Equations (31), (32), (33), and (34) form
the basis for determining the air change rate with tracer gas measurements under
different conditions. According to Laussmann and Helm [5], the concentration decay
method, the constant injection method, and the constant concentration method are
three existing methods which are appropriate for the determination of air change rate
with the use of tracer gas.

Concentration Decay Method
Concentration decay method is the process of injecting a small amount of tracer gas
into the room at first and recording the indoor tracer gas concentration with regular
time intervals after the tracer gas is well-mixed. The concentration decay curve follows
an exponential decay tendency (as shown in Eq. 31). The nominal time constant
(r = 1/n) is defined as the time when the air change cycle is completed [34]. After the
time period 7(1/x) and 37(3/n), there will be ~37% (100/e") and ~5% (100/¢”) old
room air left, respectively. It should be noticed that the total time interval between the
first and the last calculation points should be in the order of magnitude of the nominal
time constant 7 [34, 35]. Table 3 presents recommendation of the minimum time spans
between the first and last sampling and the corresponding sampling interval.

The air change rate can be determined by using Eq. (31) and nonlinear regression
analysis, as shown in Fig. 9a. In most cases, a linear relationship between tracer gas
concentration and the time ¢ is used, which can be found in Eq. (35):

Cin - Cou
ln (#

= b
Cin,r - Coul> n[(+ ) (35)

where b is the intercept term of linear fit; see Fig. 8b. If there are only a few sampling
values available, e.g., the sampling is performed with syringes or other appropriate
methods, the air change rate can be calculated by Eq. (36):
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Table 3 Recommendation of minimum time spans between the first and last sampling and the
corresponding sampling interval for air change measurement using tracer gas decay method [5, 34]

Air change rate | Minimum time span of tracer gas Air change rate | Sampling interval
(ACH) measurement (h) (ACH) (min)
0.05 20
0.125 8
0.25 4 <0.5 3040
1 1 0.5-1 20-30
2 0.5 1-2 10
4 0.25 2-5 5
10 0.1 >10 <2
= COICO) b = In(C(H/C(0)) |
1.00 1 —— Nonlinear regression 0.0 linear regression
CO/CO)=cxp(-1.2641) 05 In(C(1)/C(0))=-1.267t+0.003
0.75 A n=1.264 ACH Rl n=1.267 ACH
S =
g 8 -1.0 4
2 0.50 =
O T -1.5 1
=1
0.254 -2.0 4
-2.54
0.00 T T T T T T T T T
0.0 0.5 1.0 1.5 2.0 0.0 0.5 1.0 1.5 2.0
time (h) time (h)
f
C o]t n=(InC(6)-InC(tis )(ttis1)
S (In(90.624)-In(48.597))/0.490=1.272
o~ n
& 5. (In(48.597)-In(25.609))/0.510=1.256
g 6 '._ (In(25.609)-In(13.78))/0.490=1.265
£ '._tf (In(13.78)-In(7.142))/0.510=1.289
£ 45 ! vege = 1271
8 t3
g 301
= t4
“ 15 5
0 - T T T T
0.0 0.5 1.0 1.5 2.0
time (h)

Fig.9 Air change rate determined from tracer gas decay method. (a) Nonlinear regression method,
(b) linear regression method; and (¢) two-point method

Cin, (i) — Cout

n=In[ ———
(Cin,t(i+l) - Cout) /(

(36)
t(i+1)—1(i))
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where C;, ;) is the indoor tracer gas concentration at time #) and #(i + 1)—t) is the
time interval between two measured points. This method is called the two-point
method, as presented in Fig. 9c. Among them, the linear regression method is more
recommended.

The concentration decay method is the most commonly used one in practice [5] as
it is easy to operate, the needed amount of tracer gas is low compared with constant
injection method, and the results are relatively reliable. However, it cannot reflect the
timely fluctuation of ventilation rate as it assumes that the ventilation rate is constant
during the measurement.

Constant Injection Method

Constant injection method is the process that a certain amount of tracer gas is
constantly released during the measurement. The indoor tracer gas concentration
increases with time and finally reaches the equilibrium concentration. As a result, the
constant injection method is also called step-up method [36]. According to Eq. (36),
the equilibrium concentration depends on the measured room volume 7V, the air
change rate n, and the emission rate £, which can be used to calculate the air change
rate n. As it takes a long time to reach the equilibrium concentration, constant
injection method is time-consuming and tracer-gas-consuming. If the equilibrium
is not measured, the curve has to be extrapolated by nonlinear regression to deter-
mine this value, causing unavoidable fitting errors.

Constant Concentration Method

Constant concentration method is the process of keeping the indoor tracer gas
concentration a predefined value, monitoring and controlling the indoor tracer gas
concentration based on an automated dosing and control system. In this case, the
ventilation rate is proportional to the tracer gas supply rate, and the ventilation rate
can be calculated from the ratio of tracer gas supply to the tracer gas concentration
[5]. This method has an advantage over detecting the ventilation rate timely, and
even short-term changes of ventilation rate can be measured. However, the high-cost
equipment and operation make this method be rarely used for indoor air quality
evaluation.

Tracer Gases

To ensure that the tracer gas can be completely mixed with the indoor air and is
diluted by the outdoor fresh air only, some requirements for tracer gas need to be
satisfied. Firstly, the tracer gas should have stable physical and chemical properties,
avoiding adsorption by the building or furniture surfaces, dissolution in the water,
and chemical reactions with components in the indoor air. Secondly, the tracer gas
density should be close to the air density to be easily mixed up and freed from
concentration stratification. Thirdly, the tracer gas should be nontoxic, nonflamma-
ble, and environmentally friendly. Fourthly, the tracer gas concentration in air should
be zero or constant naturally. Last but also importantly, the tracer gas should be
easily available at a reasonable cost.
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Table 4 A comparison of the three commonly used tracer gases [36]

Densit
Tracer gas | (Air isy1.2 kg/m?) | Toxicity, threshold value | Background concentration | Cost
SFs 6.3 1000 ppm 0 50 €/kg
CO, 1.9 5000 ppm 400-450 Cheap
N,O 1.9 50-100 ppm 0 15 €/kg

The most actually used tracer gases are N,O (nitrous oxide, also known as
laughing gas) and SF¢ (sulfur hexafluoride). Besides, CO, could also be used
when the background concentration is constant [36]. Some properties of them are
shown in Table 4. As SFy is heavier than air, it should be mixed with the room air
continuously as it is supplied or premixed with carrier gas before emission. In
addition, its cost is relatively high. The density of CO, is close to air, but its
background concentration in ambient air is 400450 ppm and could be influenced
by CO, emitted by human’s metabolism. Therefore, CO, can only be used when the
influence by human beings can be avoided and the background concentration is
stable. N,O avoids the disadvantages of the first two. As a result, when the indoor
concentration is not beyond the threshold and the measurement conditions are
permitted, N,O is more suitable than SF4 and CO, [36].

Air Velocity Measuring Method

Air velocity measuring method is always used to measure the mechanical ventilation
rate as the airflow through ducts and air inlets is more stable than natural ventilation.
Since the wind frequency and turbulence intensity in naturally ventilated conditions
are higher than those in mechanically ventilated conditions, the air velocity measur-
ing method is little used in measuring natural ventilation rate, but it is always used to
analyze the airflow distribution as it can reflect the difference of air velocity at
different places.

Natural Ventilation Form
General Natural Ventilation Form

Buoyancy-Driven Ventilation

Single-side ventilation, which is the most common type of buoyancy-driven venti-
lation, is the process that natural ventilation enters and exits a room through
openings on a single side according to Fig. 10a, b. Single-side ventilation mainly
relies on the turbulence of air and buoyancy pressure between the inside and the
outside to exchange air. In general, the ventilation rate is lower than cross-ventila-
tion. The higher the height between the opening and the neutral plane, the higher the
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ventilation rate of single-side form. Therefore, chimney effect is an instructive way
to enhance the buoyancy-driven ventilation performance.

Wind-Driven Ventilation

Wind-driven ventilation uses the force of the wind to ventilate air through the
building. According to Fig. 11, cross-ventilation is the most common form of
wind-driven ventilation. It refers to that the airflow inlet and outlet are on the
opposite walls, respectively, and the natural ventilation can pass through the whole
room from the inlet to the outlet, as shown in Fig. 10. If there is an obstacle (e.g.,
screen) between the air inlet and outlet, the wind will be blocked, and the ventilation
effect will be significantly reduced. Generally, the distance between air intake and
outlet should be 2.5-5 times the height of the roof (about 6.5 m). Generally, cross-

a b
Single-side ventilation through an Single-side ventilation through two
opening openings at a single side

Fig. 10 Single-side ventilation. (a) Single-side ventilation through an opening. (b) Single-side
ventilation through two openings at a single side

Fig. 11 Cross-ventilation Vi
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ventilation is easy to achieve in rooms with small depth. For large buildings,
methods such as courtyard, atrium, and corridor can be used to strengthen cross-
ventilation. Wind-driven ventilation is unreliable as it is dependent on the climate
conditions and buoyancy-driven ventilation can act as an assistant.

Methods to Enhance the Natural Ventilation Performance

There are numerous ways which can be used to improve the natural ventilation
performance. For example, stack effect can be applied to enhance the buoyancy-
driven ventilation, and cross-ventilation can make full use of the wind-driven pressure
with rational geometry configuration of buildings. As the utilization of wind-driven
pressure highly depends on the outdoor meteorological conditions, the methods to
enhance buoyancy-driven ventilation are more reliable and more frequently used. The
common ways to improve buoyancy-driven ventilation performance include atrium
ventilation, solar chimneys, and so on. Ventilation cap is often applied to improve the
wind-driven ventilation performance. Moreover, wind-proofed skylight is used to
guide the airflow direction and ensure the skylight acting as an outlet.

Atrium Ventilation

Atrium is a kind of building component that is often used in modern office buildings,
which can not only bring outdoor light into the room but also can play the role in
natural ventilation. As shown in Fig. 12, atrium ventilation utilizes the temperature
gradient in the vertical direction of the vertical cavity in the building and the indoor
and outdoor temperature difference to drive natural ventilation by the buoyancy
pressure between the upper and the lower openings. Besides, the atrium ventilation is
also called “the chimney effect.”

According to the Bernoulli equation, the ventilation rate is directly proportional to
the height difference between the openings, indicating the ventilation rate increases
with the increase of the height difference when the temperature difference remains
constant. The ventilation rate is also related to indoor and outdoor temperature
difference. In general, the greater the temperature difference, the greater the

M | i
— “— T

LI |

F |
- <= |

Fig. 12 Atrium ventilation
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ventilation rate. Many public buildings use this strategy to enhance ventilation. With
mechanical devices sucking the outdoor fresh air and the dome absorbing solar
energy, “chimney effect” is used to exhaust the indoor air from the top of the room.

Solar Chimney

As presented in Fig. 13, the solar chimney is a kind of enhanced natural ventilation
equipment that can convert thermal energy into kinetic energy. To provide the
buoyancy of airflow, it uses solar radiation as the power and utilizes the density
difference. This technology has been applied to the construction of heating, venti-
lation, and solar rooms in Europe, the United States, and some Asian countries. Solar
chimney can be divided into three categories, respectively, vertical solar chimney,
inclined solar chimney, and Trombe wall solar chimney. Table 5 shows the perfor-
mance of different solar chimneys.

Nowadays, the research of solar chimneys at home and abroad mainly bases on
theory, experiments, and numerical simulation methods. It can be found that the
ventilation performance of solar chimney relates to wall structure, physical property,
solar radiation intensity, meteorological parameters, etc. Optimization of solar chim-
ney can create a green, energy-saving, and comfortable living environment for
human beings.

a L b

Transparent material Transparent material

Thermal storage and Thermal storage and

insulation material insulation material

Ventilation duct Ventilation duct

Outdoor /
Outdoor *
Indoor Indoor
[ransparent material T

Thermal storage and
insulation material
Ventilation duct *

Indoor

Outdoor \

Fig. 13 Solar chimney
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Table 5 The performance of different solar chimneys
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Forms Advantages Disadvantages

Vertical Simple structure, good matching with The pressure loss inside the chimney is

solar buildings. and easy to install relatively large, and the optimal depth-

chimney to-height ratio of the chimney is not
ideal or does not exist

Inclined The pressure loss inside the chimney is The inclined angle determines the

solar small, the velocity distribution is performance of chimney, and the

chimney uniform, and the ventilation rate is large | installation is complicated

Trombe Supply heat in winter and the best depth | Backflow phenomenon and large

wall solar | ratio and easy to achieve pressure loss

chimney

Fig. 14 Ventilation cap with
auto-modified inlet. / air inlet
duct; 2 air outlet duct; 3 solar
heat-collection plate; 4 wind
cap; 5 bearing

Ventilation Cap

According to Fig. 14, ventilation cap is a kind of natural ventilation attachment that is
often applied in large workshops, basements, etc. This technology adopts wind-driven
pressure and buoyancy pressure to capture the natural wind. The effect of buoyancy
pressure should be consistent with the effect of wind-driven pressure, so the ventilation
performance can be enhanced. Solar energy can be used to strengthen the buoyancy
pressure effect. The ventilation cap with auto-modified inlet has been invented, as
shown in Fig. 14. The auto-modified ventilation cap makes use of both wind pressure
and buoyancy pressure provided by solar-thermal materials to drive airflow through the
building; thus the bidirectional ventilation can be realized. It consists of the air inlet duct
and outlet duct, solar-thermal materials, wind cap, and bearings. When wind blows, the
wind cap would be under pressure so that the direction of inlet duct can be adjusted to
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Fig. 15 Skylight with
windshields

Fig. 16 Skylight. (a) Vertical sunk skylight. (b) Horizontal sunk skylight. (¢) Patio skylight

face the wind by the bearing at the bottom of the ventilation cap. At the same time, the
solar-thermal materials will increase the temperature inside the air outlet duct and help
exhaust. Obviously, factors such as the outdoor wind speed, the air temperature in the air
outlet duct, and the vent size can make a great influence on the ventilation rate. The
performance of ventilation cap can be optimized according to the change of factors.
Besides, the pressure drop between the air inlet duct and outlet duct and the outdoor air
quality should be considered in the practical application.

Wind-Proofed Skylight

In natural ventilation buildings with skylights, the excess heat and some harmful
gases need to be discharged through the skylights to the outside. This requires that
the skylight have a good exhaustion performance, indicating that the airflow cannot
enter the building from the skylight in any climate conditions. For ordinary sky-
lights, wind always blows into the skylight on the windward side. Under such
conditions, the predefined airflow distribution inside the building will be destroyed.
Therefore, windshields are often used in these skylights in order to prevent the air
from flowing back, which can be found in Fig. 15. The space between the windshield
and the sash of the skylight is 1.0—1.5 times the height of the skylight. There is a gap
of 50-100 mm between the windshield’s lower edge and the roof for draining. Both
ends of the windshield are sealed to prevent in the flow of wind. Several common
skylights are shown in Fig. 16a—c.
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Design for Natural Ventilation

The calculation of natural ventilation can be categorized into the design calculation
and the checking calculation. The design for natural ventilation is the process of
determining the ventilation strategies and the opening positions according to the
predefined indoor temperature and ventilation rate. To meet the predefined condi-
tions, the checking calculation is necessary to analyze whether the ventilation rate
and indoor temperature is qualified or not.

There are three elements for the design of ventilation. At first, the ventilation rate
must be large enough to meet the current standards or guidelines. Secondly, air
should flow from clean areas to unclean areas. Thirdly, the indoor airflow distribu-
tion should be uniform and avoided from blind corners.

The design for natural ventilation involves three basic steps [37]. Firstly, the desired
airflow pattern and the driving forces from the inlet openings to the outlet openings need
to be determined. This step is associated with the building’s form (single-side corridor,
central corridor, wind tower, etc.) and organization (relative location of kitchen room,
bathroom, etc.). Secondly, the suitable ventilation rate to remove indoor pollutants and
indoor thermal load should be identified. The ventilation rate and indoor thermal load
play a determining role in selecting vent size and locations. Thirdly, the sizes and
locations of openings can be calculated in accordance with the previous steps.

General Procedure for Natural Ventilation Design

A number of factors such as thermal comfort, indoor air quality, and fire safety need
to be considered for the design of naturally ventilated buildings. Other unfavorable
ambient environment factors such as noise and air pollution need to be assessed
before the building design starts.

Thermal comfort in naturally ventilated building is different from that in mechan-
ically ventilated building. To predict the thermal comfort in naturally ventilated
buildings, ASHARE Standard 55-2010 [38] developed a thermal comfort model
according to the field-measured database of 21,000 office buildings. The results
are shown in Fig. 17. The acceptable indoor operative temperature is centered at the
neutral temperature. Besides, the acceptable temperature width is +5 °C of the
neutral temperature for 90% occupants and +7 °C for 80% occupants. The 80%
acceptability limits can be considered as typical limits, while the 90% acceptability
limits can be applied to higher-standard environment. Figure 17 might be not
suitable for situations and that the outdoor air temperature is beyond the limits
(5-33 °C). When the ambient temperature is beyond the limits, the thermal
conditions in a naturally ventilated building may become intolerable.

With high ventilation rate in natural ventilation, the indoor air quality greatly
depends on the ambient air quality, instead of affected by indoor pollutant source.
However, if the ambient air is severely polluted, solely the natural ventilation will
definitely increase the occupants’ exposure to the high ambient pollutant level.
Therefore, a hybrid ventilation design may be the only option [37].
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Fig. 17 Acceptable indoor operative temperature under natural ventilation conditions [38]

A general procedure for natural ventilation design includes architectural plan,
system layout, component selection, opening size calculation, control strategy
development, and detailed design drawing. Architects and engineers need to set
the global geometric configuration considering dominant weather conditions and
unusual conditions first. Then, the designer will design the airflow paths from the
inlet to the outlet to achieve the desired airflow thermal comfort and ventilation rate
and select the airflow components such as windows, doors, and solar chimneys to
obtain desired control of airflow. Subsequently, the opening size will be calculated
to meet the desired ventilation rate and indoor temperature. A controlling strategy
for ventilation varying with the operating conditions must be developed. Finally,
the detailed drawing about the system must be developed so that it can be built.

Vent Sizing

The opening size is calculated based on certain geometry, climate, building’s
configuration, and so on. Besides, the opening size is also related to the opening
distribution, which is a part of the ventilation strategy. The methods for opening size
calculation include direct methods and indirect methods, which will be introduced
later. The general procedures for vent sizing is to design the main flow paths and size
ventilation openings to satisfy the necessary ventilation rates in each zone of a
building. When the configuration of openings and flow path in the building is
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determined, the ventilation rate will be mostly determined by the natural driving
forces. As a result, it is important to harness the dominant winds and enhance stack
forces in the building at the design stage.

Direct Methods
Direct methods are derived from simple buildings where the ventilation rate is a
simple function of the governing parameters [37]. Five of these methods are
discussed by Allard [39].

For cross-ventilation in a building with two effective openings, the natural driven
(wind-driven) force can be calculated as

1 1
AP, = EPCPIVZ — EPCszz 37)
The ventilation rate ¢ is expressed as

2AP,
g = CA* = (38)

1
> AA
- b (39)

\JA? + A?

where 4" is the effective opening area, 4, is the area of the top opening, and 4, is the
area of the bottom opening. 4" can be deduced as

4 l;+;
(A4) (A

. N q
A =— VT 1639 40
Cp\/2AP,, vy/AC, (40)

Then, the area of each individual opening can be obtained:

A, = A, = V24" (41)

For stack ventilation in a building with two effective openings, the natural driven
(buoyancy-driven) force can be calculated as

AP = (p, — p;)gh (42)

In addition, the effective opening area A", the top opening area A,, and the bottom
opening area A4, can also be deduced from the ventilation rate q. The derivation
process is as follows:

2AP, 28h(T; — T,)

T,

g = C4A" = C,A" (43)

o
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Fig. 18 Vent sizing for stack ventilation using the concept of neutral plane

A — VToq (44)
Cp+/28h(T; — T,)
A, = A, = V24" (45)

For a building with two effective openings combining wind and stack ventilation
together, the natural driven (wind- and buoyancy-driven) force can be calculated as

1 1
AP+ AP, = (p, — p;)gh + EPCHVZ - E,DCPzVZ (46)

The ventilation rate ¢ and the effective opening area 4" can be expressed as

2h(T;—T,) AP,
q:CdA*\/ gh( ) (47)
T, P

q
T.-T, _AP,
CD\/Zgh L2492
T p

o

A =

(48)

If the neutral level £, is a predefined parameter in a stack-ventilated building, the
pressure difference and ventilation rate can be expressed using the concept of neutral
plane according to Fig. 18 and Egs. (46) and (47):

T,—-T,

o

AP = (p, — pi)g(h — hy) = p,g(h — hy) (49)

(Ti - TO)

T, (50)

q = CaA" \/Zg(h — hy)
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Fig. 19 CIBSE design 1.4 : . T T T T T
chart [40]
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With the known parameters including neutral level %, and the flow rate ¢, the
effective area 4", the top opening area 4,, and the bottom opening area 4, can be solved.

With the inside and outside temperature difference (7;—7,) and the height from
opening to neutral plane (h—#,,), the airflow rate per unit area can be looked up from
the CIBSE design chart [40] (as shown in Fig. 19). Then, the opening area can be
deduced from the necessary ventilation rate.

Indirect Methods

Indirect methods try different opening size combinations and identify the best one
based on network models. Among them, the LOOP pressure equation-based method
presented by Axley [41] is the most commonly used one. The general LOOP method
design procedure is to layout the global geometry, topology, and loops of the
building first. Then, it identifies each pressure node. After determining the design
conditions such as wind speed and direction, wind pressure coefficient, designed
outdoor temperature, desired interior temperature, and other design requirements,
the LOOP pressure equations can be formed, and the minimum feasible sizes can be
determined. Subsequently, the remaining minimum feasible sizes are reevaluated in
the same way, and an operational strategy can be devised. Figure 20 shows an
example of a three-story ward building through using LOOP method. Six LOOP
pressure equations can be formed for this building.

Natural Ventilation in Industrial Buildings

For industrial buildings, the ventilation rate needed is high as extra heat, humidity,
and air pollutants (particles, harmful gases, etc.) may be generated during the
industrial processes. The natural ventilation design for industrial buildings in this
section refers to the national standard GB 50019-2003 in China [42].



Natural Ventilation 1261

s

— ——

Ward Ward Floor 3
—) —

Ward Ward Floor 2
— ——

Ward | Atrium| Ward Floor 1

Fig. 20 LOOP pressure equation-based method

It is assumed that the natural ventilation rate is stable and the factors influencing
the ventilation rate do not change with time. The design temperature inside the
building is taken as the average temperature 7,,. which can be calculated as

i+t
fave = ) (51)

where 7. is the exhaust temperature and ¢ is the temperature at work area which is
within 2 m above the ground. The location of the window, the design air supply rate,
and the exhaust rate can be determined according to the dominant wind direction,
heat source and pollutant source inside and around the building, etc. Then, the
pressure differences between the inside and outside of the openings and the opening
size can be calculated.

The ventilation rate g (kg/s) required to remove the excess heat from the work
area can be obtained from Eq. (52):

0

o — 1) (52)

q =
where Q(kJ/s) is the total excess heat of the building, . (°C) is the air exhaust
temperature at the upper part of the work area, #; (°C) is the air supply temperature of
the work area which can be valued as the outdoor design temperature in summer, c¢ is
the specific heat of air, and ¢ = 1.10 kJ/(kg-°C). The exhaust temperature at the upper
part of the work area can be determined based on the temperature gradient method
and the effective heat coefficient method. The formed one is suitable for the
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Table 6 The recommended design temperature at work area in summer (#;) [42]

Outdoor design temperature for summer ventilation ¢, Design temperature at work area t;
8 O
<29 <32
30 <33
31 <34
32-33 <35
34 <36

Table 7 The temperature gradient (f3) [42]

Building heat Building height (m)

dissipation (W/m?®) s 16 7 8 [9o [0 (11 [12 [13 [14 [15
1243 1.0 |09 08 |07 |06 |05 |04 04 |04 03 |02
2447 10 (12 |09 /08 |07 |06 |05 |05 |05 |04 (04
48-70 1.5 |15 |12 1.1 |09 |08 |08 |08 (0.8 |08 |05
71-93 - .5 /15 13 |12 |12 |12 |12 |1.1 |1.0 |09
94-116 - - - 1.5 |15 |15 |15 |15 |15 |14 |13

0.5 05
Remark: The table is not suitable for buildings’ height higher than 15 m

industrial buildings with uniform heat dissipation less than 116 W/m?, and the latter
one is suitable for industrial buildings with strong heat sources.

If the work area has uniform heat dissipation no more than 116 W/m?, the indoor
air temperature distribution along the height is roughly linear. Through the temper-
ature gradient method, the exhaust temperature ¢, of the upper part in the work area
can be calculated:

te=1t;+p(h—2) (53)

where h(m) is the height between the center of the window and the ground; ti (°C) is
the design temperature at work area, which can be looked up through Table 6; and
B(°C/m) is the temperature gradient along the height, which can be determined, as
shown in Table 7.

For buildings with strong heat source, the distribution of air temperature along the
height direction is complicated. Some of the thermojet generated from the heat
source exhausts through the skylight and the other part is re-entrained to the work
area through the turbulence of the airflow. The circulating airflow returning to the
work area rises the temperature of air in the work area. Besides, the heat generated by
the re-entrain air is called the effective excess heat. If the total excess heat produced
from the heat source is O, the effective excess heat that directly enters into the work
area will be aQ. Here, a is defined as the effective heat coefficient.

According to the heat balance of the whole building, the required ventilation rate
to remove the excess heat can be calculated as
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Fig. 21 The value of a; [42]
0
g=—"— (54)
c(te —t,)

According to the heat balance of the work area, the required ventilation rate to
remove the effective excess heat can be calculated as follows:

As g = ¢, Egs. (54) and (55) can be changed into
C(teQ— fh) c(t,-agto) @“= Z _ Z (56)
Therefore,
e = 1, + L0 7

According to Eq. (57), under the same ¢, the bigger the a, the more effective the
excess heat enters into the work area and the higher the temperature at the work area.
Consequently, £, can be obtained by determining the value of a. The a value depends
on the properties, distribution, and height of the heat source, which also depends on
some geometric factors of buildings.

The effective heat coefficient can be determined by Eq. (58):

a = a1aa3 (58)

where a; is the coefficient determined by ratio of heat source area (A4ya) to floor area
(Af00r), @2 1s the coefficient determined by the height of heat source (/eat), and a; is
the coefficient determined by the ratio of the heat radiation (Q)) to the total heat
dissipation (Q) (Fig. 21).
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Table 8 The value of o, [42]

Height of heat source (/i,cq() <2 4 6 8 10 12 >14
a, 1.0 0.85 0.75 0.65 0.60 0.55 0.5

Table 9 The value of o3 [42]

0/0 <04 0.5 0.55 0.6 0.65 0.7
as 1.0 1.07 1.12 1.18 1.30 1.45

The air supply opening area A; and the air exhaust opening area A4, can be
expressed as

A, = s (59)

vsv/28hs(po — Pi)Po

and

- de (60)

A, =
Ve zghe(po _pi)po

where the subscripts s and e indicate the air supply opening and the air exhaust
opening, respectively (Table 8).

Example for Natural Ventilation

If properly used, natural ventilation can enhance indoor air quality as well as satisfy
occupants’ thermal comfort without the consumption of energy (Table 9). However,
the ventilation rate and airflow distribution are highly influenced by local meteoro-
logical conditions. In this section an existing example using natural ventilation in
Guiyang City will be introduced and analyzed. Guiyang City is located 26°35’ north
latitude and 106°43’ east longitude, the southwest of China, where the climate is hot
in summer and cold in winter. The annual average temperature is 15.3 °C in Guiyang
City, and the outdoor design temperature is 30.1 °C in air conditioning condition and
27.1 °C in ventilation condition in summer. The average wind speed is 2.1 m/s, and
the dominant wind direction is south. Besides, a school building in Guizhou Uni-
versity lying in Guiyang City is designed as a demonstration of green architecture
which uses natural ventilation to save energy. Its architecture blueprint is shown in
Fig. 22. The building is 24 m in height, including six floors with a basement floor.
Atrium is used to enhance the buoyancy-driven ventilation, and electrical skylight is
settled on the roof with vents facing the south and north. The skylight is in the middle
of the roof so that the wind pressure coefficient on the roof is negative which can
ensure the airflow exhaust from the roof. Besides, the roof of the skylight is inclined
so that the area of northern vent is bigger than that of the southern vent. The vent size
is 73.7 m? at the south and 114.7 m? at the north.
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Fig. 22 A school building in Guizhou University

The airflow distribution of natural ventilation is complicated, which varies with
the outdoor climatic conditions. All the outdoor temperature, wind speed, and wind
direction can have a great influence on the airflow distribution. The airflow distri-
bution is simulated using EnergyPlus in some typical conditions in summer, and the
corresponding airflow distribution sketch maps are shown in Fig. 23. When the
outdoor wind speed is very small, buoyancy is the mainly driven force for natural
ventilation. The air flows into the building through openings at floor 1-4 and
exhausts from the openings at top floor and skylight, which can be found in
Fig. 23a. With the increment of the wind speed, the northern opening in floor 5
becomes inlet, and the southern opening in floor 4 becomes outlet when the outdoor
wind direction is the north (see Fig. 23b). When the wind direction is the south, the
openings at the south become inlets, and the openings at the north in the top two
flows become outlets (see Fig. 23c). Figure 23a—f presents the comparison of the
airflow distributions inside the building varying with the change of outdoor wind
speed and direction. The fact that the vents on skylight keep as outlets is meaningful
for the air quality inside the building.

The time length that meets the thermal comfort of 80% occupants (recommended
by ASHARE Standard 55-2010 [38]) of this building on the design day is illustrated
in Fig. 24. The letter “F” on the figure’s horizontal axis means “floor,” “S” means the
opening of the room faces the south, and “N” indicates the opening of the room faces
the north. Obviously, the comfort time brought from natural ventilation is long in
Guizhou. The average climate temperature in summer is 23.2 °C or so, making
natural ventilation possible to lower the indoor temperature. At noon and afternoon,
the solar radiation and heat transfer through building envelopes make the indoor
temperature high. Whether natural ventilation can satisfy the thermal comfort
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depends on the ventilation rate and the temperature difference inside and outside. It
is obvious that the thermal comfortable time is longer in southern rooms than in
northern rooms. The proportion of thermal comfortable time is 75% in the room with
south-facing window, while that is 52% in the room with north-facing window on
floor 4 at the design day, which is due to that the dominant wind direction is the south
and the ventilation rate is higher in rooms with south-facing windows to remove
heat. Because the airflow direction is from the bottom to top and the cool outdoor air
flows into lower floors first, the thermal comfortable time length in upper floors is
shorter than that in lower floors.

The cooling load reduced by natural ventilation is related to the ventilation rate
and the outdoor temperature. Natural ventilation cannot always act as a cooling
method when the outdoor temperature is high and the indoor temperature is low due
to the thermal storage effect of the building envelopes. In general, the cooling load
reduced by natural ventilation is large at night as the outdoor temperature is low and
is relatively small at noon and afternoon as the outdoor temperature is relatively
high. The results of the school building in Guizhou University present that natural
ventilation can reduce the cooling load by 10°~10° W, which can highly reduce the
energy consumption of air conditionings.

Natural ventilation is highly dependent on local climate. According to the above
analysis, natural ventilation can satisfy the thermal comfort in most cases in Guiyang
City where the average air temperature in summer is relatively low. For regions with
bad weather conditions, the combination of natural ventilation and air conditioning
systems could be considered.

Conclusion and Future Directions

Natural ventilation is the flow of outdoor air caused by wind and thermal pressures
through intentional openings into the building’s shell. Generally, natural ventilation
can provide a high ventilation rate more economically than mechanical ventilation,
yet its airflow and temperature are significantly dependent on the outdoor climate.
Therefore, it is difficult to analyze and predict natural ventilation.

There are two types of natural ventilation occurring in buildings, respectively,
wind-driven ventilation and buoyancy-driven ventilation, among which, wind-
driven ventilation arises from different pressures created by wind around a building
or structure. The wind pressure coefficients are important parameters for flow rate
calculation. Some empirical values and deductive methods can be used for the
prediction of simple buildings. Buoyancy-driven ventilation is driven by the direc-
tional buoyancy force, resulting from temperature differences between the interior
and exterior. The concept of neutral plane is important for the airflow direction of
buoyancy-driven ventilation. The predict models of natural ventilation include
single-zone model, multi-zone model, and CFD model. The single-zone model is
easy to understand and utilize, which can be used to analyze and design simple
buildings. An example of multi-zone model, the MIX model, is based on the
calculation of pressure differences between different zones. The ventilation rate
through each opening can be solved by pressure difference between two sides of
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opening, which is driven by wind or buoyancy. The CFD model is the application of
computational fluid dynamics in building ventilation, which uses numerical methods
to solve the partial differential equations of momentum, energy, and mass. Air
temperature, pressure, airflow rate, water vapor pressure, pollutant concentration,
and turbulence coefficient can all be obtained through solving the CFD model.
However, for large buildings, the solving process is time-consuming, and the
boundary conditions are difficult to control.

To measure the natural ventilation rate, tracer gas methods are the most reliable and
commonly used ways. Three existing methods including the concentration decay
method, the constant injection method, and the constant concentration method are
appropriate ways for the determination of air change rate. Concentration decay method
is the process of releasing a small amount of tracer gas into the room at first and
recording the indoor tracer gas concentration with regular time intervals after the tracer
gas is well-mixed. Since it is easy to operate, concentration decay method is the most
commonly used one in practice. Moreover, the needed amount of tracer gas for
concentration decay method is much less than the constant injection method. How-
ever, it cannot reflect the timely fluctuation of ventilation rate as it assumes that the
ventilation rate is constant during the measurement. Constant injection method is the
process that a certain amount of tracer gas is released constantly during the measure-
ment. The indoor tracer gas concentration increases with time, which finally reaches
the equilibrium concentration. As it takes a long time to reach the equilibrium
concentration, constant injection method is time-consuming and tracer-gas-consum-
ing, and it cannot measure the timely fluctuation of ventilation rate either. Constant
concentration method is the process of keeping the indoor tracer gas concentration a
predefined value, which monitors and controls the indoor tracer gas concentration
through using an automated dosing and control system. This method has an advantage
of detecting the ventilation rate timely, and even short-term changes of ventilation rate
can be measured. Nevertheless, the high-cost equipment and operation make this
method be rarely used for indoor air quality evaluation. Commonly, N,O, SFg, and
CO, are the most frequently used tracer gases.

The general natural ventilation form includes wind-driven form (e.g., cross-
ventilation), buoyancy-driven form (e.g., single-side ventilation, chimney), and the
combination of both wind- and buoyancy-driven forms. In natural ventilation tech-
nologies, atrium and solar chimney are often applied to improve the buoyancy-
driven ventilation performance. Besides, the ventilation cap is a useful accessory to
improve the wind-driven ventilation performance. Wind-proofed shields are often
used in the skylight to prevent air from flowing into the building through skylights.

There are three elements for the design of ventilation. Firstly, the ventilation rate
must be large enough to meet the current standards or guidelines. Secondly, air
should flow from clean areas to unclean areas. Thirdly, the indoor airflow distribu-
tion should be uniform and avoided from blind corners. After determining the
geometric configuration of the building, the designed temperature, and the airflow
rate, the opening size can finally be calculated. Methods for vent sizing include direct
methods and indirect methods. Direct methods are derived from simple buildings
where the ventilation rate is a simple function of the governing parameters. Besides,
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direct methods include simple function calculation and chart-lookup method. Indi-
rect methods try different opening size combinations and identify the best one using
network models. Among the indirect methods, the LOOP pressure equation-based
method presented is the most commonly used one, and some exiting examples also
reveal the great potential of natural ventilation.
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