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Abstract: The air quality of indoor spaces is the most significant parameter in providing a healthy
living environment. Low indoor air quality (IAQ) leads to Sick Building Syndrome—one of the
major reasons for labor loss in office buildings. The fundamental measure to ensure indoor air
quality is ventilation, which includes two basic types: mechanical ventilation and natural ventilation.
Natural ventilation is an exchange of stale indoor air with fresh outdoor air by means of a pressure
difference due to wind and/or stack effect. Trickle Vents, known also as background ventilators,
are natural ventilation devices which can be integrated into facades or window systems as an
alternative to operable vents, specifically in high-rise buildings. The major design criteria of Trickle
Vents are ventilation capacity, controllability, actuation, thermal insulation, air permeability, water
tightness, climatic adaptation, security, and acoustic attenuation. Other important parameters in
Trickle Vents design are positioning, equivalent area, and control strategy. This paper aims to
review all these aspects, particularly with reference to building regulations and commercial products.
Furthermore, simulation, experimental, monitoring, and survey studies of Trickle Vents are also
discussed. This literature review is presented from the perspective of performance parameters, control
strategies, positioning, etc., with an aim to provide a comprehensive overview of such technology.

Keywords: literature review; natural ventilation; trickle vents; performance specifications; commercial
product; design; measurement

1. Introduction

The population in built-up areas has increased dramatically because of urbanization. Since people
living in urban areas spend 90% of their time in closed areas such as homes, schools, offices, etc.,
indoor air quality (IAQ) has never been so important [1]. The World Health Organization reported that
99,000 deaths in Europe and 81,000 in the USA were related to poor indoor air quality in 2012 alone [2].

Sick Building Syndrome (SBS) is the term used to describe situations in which building occupants
experience acute and negative health and comfort effects that appear to be linked to time spent in a
building (WHO, 1984). The building occupants may suffer from headaches and dizziness, nausea,
aches and pains, fatigue, poor concentration, shortness of breath, eye and throat irritation, irritated or
runny nose, skin irritation, allergy, and others. Based on research, the value of labor loss due to Sick
Building Syndrome in the USA economy in 1998 was estimated at around $180 billion (USD) [3,4].
The main reason for Sick Building Syndrome is the provision of better insulation performance at the
expense of indoor air quality.
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2. Ventilation Requirement

The main reason for ventilating a room is for the health and comfort of the occupants, such
as control of internal humidity, removal of both background and specific pollutants, and providing
enough oxygen for combustion processes, if any. Thermal comfort, durability, fire safety, noise,
and energy use parameters are the main concerns for ventilation design [5]. On the other hand, safe
ventilation rates have been established based on research including testing in the U.S. in the last
century. To really justify a certain ventilation rate, one should look at the sources of pollution and their
behavior (interaction with other pollutants, schedules, source strengths, etc.). Therefore, the main way
to control/improve the IAQ is through source control. Moreover, that is where the identification of
the pollutants takes place. A parameter cannot be controlled unless it is known and measured, either
because they are unknown (i.e., it is not known what pollutants are being emitted), or because there is
no measurement [6]. CO; can be calculated based on occupancy when there are people or combustion
processes in a space. Radon, ozone, formaldehyde, NOy, SOy, etc., are more toxic to occupants and
may need higher ventilation rates [6].

CO;, is used frequently to monitor and control the supply of fresh air. Even though CO; is a
good indicator of contamination caused by occupants, it is usually a poor indicator and measure of
perceived air quality [6]. Figure 1 illustrates measured CO, concentration outdoors and measured CO,
versus percentage of dissatisfied occupants.
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Figure 1. Ventilation rate vs. percentage dissatisfied occupants (left); measured CO, vs. percentage
dissatisfied occupants (right) [6].

The CO; concentration in the atmosphere was 280 ppm before the Industrial Revolution [7].
It increases considerably each year. For example, the outdoor CO, concentration was defined as
390 ppm in CEN CR1752, published in 1999 [8]. However, measurements taken in 2016 show that the
CO; concentration level reached 403.3 ppm [9]. The assumed outdoor CO, concentration varies in
different studies. For instance, the study by Lavarge et al. [10] uses an outdoor CO; level of 350 ppm.
The use of an incorrect value might lead to misleading results. In addition to this, indoor air quality is
acceptable for CO, concentrations lower than 600 ppm according to EN 13779-2007 [11]. A level of
1000 ppm is one of the most common set points in buildings to open vents.

Cornara et al. specifies that a CO, concentration typically higher than 1000 ppm leads to a
considerable drop in the cognitive ability of pupils in schools. However, 1500 ppm was chosen as the
limit CO, concentration as indicated in U.K. standards [12].

Ventilation Rates are determined by considering indoor pollutant levels such as CO, and other
related contaminants in ASHRAE 62.1-2016 [13]. The ventilation rate requirements of some areas are
indicated in Table 1.
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Table 1. Occupancy category vs. required ventilation [13].

o c Outdoor Air Rate
ccupancy Catego
paney g1y per Person (L/s-Person) per Area (L/s-m?)
Lecture Classroom 3.8 0.3
Computer Lab 5 0.12
Restaurant 3.8 0.9
Conference/Meeting 2.5 0.3
Bedroom/Living Room 25 0.3
Office Space 2.5 0.3
Health Club 10 0.3

One of the significant parameters for management of indoor air quality (IAQ) is ventilation
by means of mechanical ventilation or natural ventilation. There is also infiltration, described as
adventitious leakage, over which there is no control and which is usually negligible [14].

3. Natural Ventilation

Natural ventilation is the method of supplying fresh air through environmental driving forces
such as temperature differences or wind pressure differentials without using any additional mechanical
system. Since environmental driving forces are quite variable over short time intervals, effective design
of natural ventilation in buildings is crucial. While excessive ventilation could cause discomfort and
heat loss, low ventilation could lead to overheating and insufficient Indoor Air Quality (IAQ) [15,16].

Ventilation of buildings has three different purposes: maintaining IAQ, satisfying thermal comfort,
and night cooling [17]. Natural ventilation is challenging due to driving forces like wind and buoyancy
because of variation in the climate and weather [18]. Moreover, temperature differences and wind
direction parameters are crucial considerations during the design of natural ventilation. Specifically,
the control of humidity is a challenging issue in naturally ventilated spaces. For instance, the level of
challenge is higher in south-eastern U.S. cities which have high temperatures and relative humidity in
summer or in places which have dry winter conditions [19]. On the other hand, natural ventilation is
more effective in places and seasons where heating is not needed [20].

Natural ventilation is commonly used in summer nights, specifically in places where cooling
loads are high, in order to discharge excessive heat [21]. Thus, this ventilation strategy satisfies
thermal comfort during the first hours of the next working day and supplies fresh air to the indoors.
This method also decreases the air conditioning loads in naturally ventilated buildings. Opening of
vents is carried out mostly for night temperatures lower than 26 °C, which is the maximum allowed
indoor comfort temperature [4,22]. On the other hand, A. Dogbeh et al. specifies that natural ventilation
as night cooling in the heating season through Trickle Vents helps to satisfy thermal comfort and
remove pollutants from the indoors [23].

Natural ventilation solutions are considered as less effective in comparison with mechanical
ventilation solutions. However, they are broadly preferred due to energy efficiency and cost concerns [12].
On the other hand, passive ventilation is commonly preferred due to the advantageous aspects of low
embodied energy, silent operation, low maintenance & operation (M&O), low return of investment
(ROI), no supply-side ducting, less complicated retrofit, and its intuitive cooling control in specifically
low-energy buildings [15]. Nevertheless, the window opening behavior of occupants has a significant
effect on the energy and cost performance of natural ventilation systems. G. Evola et al. presented the
performance of Controlled Mechanical Ventilation (CMV) systems from energy and financial aspects
in dwellings [24]. The results of various CMV configurations were compared with occupant-controlled
natural ventilation. While the thermal energy requirement for an unwisely managed natural ventilation
system was Ey, = 3210 kWh/year in Rome, this value diminished 83.5% by using hygro-adjustable
mechanical ventilation (Ey, = 528 kWh/year). Additionally, the study claimed that the payback period
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stayed below 3 years for single-flow ventilation systems applied in cold climates. This study illustrates
that the window opening behavior of the occupants is an essential parameter in natural ventilation.

R. Andersen et al. [25] quantified the window opening behavior of the occupants with respect
to environmental conditions in Danish Dwellings in their research. The probability of opening and
closing behavior was statistically modelled through multivariate logistic regression in 15 dwellings.
Temperature, relative humidity, and illuminance values indoors and air temperature, RH, wind speed,
global solar radiation, and total sunshine hours outdoors were taken into consideration in the statistical
modelling. The results revealed that while the CO, concentration significantly affects the behavior of
opening, the most important variation outdoors is the temperature for closing behavior. It is interesting
to underline that wind speed had no influence on window opening/ closing behavior. In addition to
this, this experimental study might help simulation models as an input to provide realistic results by
considering the actual behavior of the occupants.

Effective natural ventilation design is quite crucial in schools. Particularly, the level of CO,
has a considerable effect on the learning ability of pupils. It also influences the power of attention
by 5% according to Griffiths and Efecthari [26]. Additionally, Cornara et al. specified that a CO,
concentration typically higher than 1000 ppm leads to a considerable drop in the learning skills of
pupils in schools [12].

3.1. Driving Forces in Natural Ventilation

There are basically two main driving forces, which are wind pressure and the stack (chimney)
effect, during ventilation design calculations. The target is mostly sufficient fresh air, satisfactory
indoor environment quality, and energy efficiency [27].

3.1.1. Wind-Driven Ventilation

Wind-driven ventilation, in which air is pulled indoors by means of a wind-induced pressure
difference, is generally more effective. It is mostly the cheapest, most common, and most energy
efficient method of ventilation. The most common devices used for wind ventilation are operable
windows, louvres, trickle vents, and rooftop vents.

Wind pressure on the ventilation opening is mostly determined by the equation below [28].

.C,,-1/2
ap =21 1)
AP: Pressure Difference Due to Wind (Pa);
Cp: Pressure Coefficient;
p: Air Density (kg/m?);
v: Wind Speed (m/s).

The orifice equation is the most common equation used to determine the air flow rate on opening,
as seen below.

0.5
2.AP> @

_cpa(FAE
Q=Co (p

Q: Air Flow Rate (m3/s);

Cp: Discharge Coefficient;

A: Flow Area (m?);

AP: Pressure Difference across the Opening;
p: Air Density (kg/m?3).
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3.1.2. Buoyancy-Driven Ventilation

This is due to the density difference caused by temperature difference. Hot air is less dense than
cold air, so the hot air would rise due to buoyancy, forming a so-called stack effect (Figure 2). A larger
height difference would give a higher buoyancy due to a larger density difference between indoors
and outdoors. Usually, there is a 4 Pa pressure difference in each floor in the cold season and a 1.5 Pa
pressure difference in the summer season [29,30].

+ ++++++

Figure 2. Stack ventilation [29].

The most simple pressure difference formula used to calculate stack pressure is given in the

equation below [31].

T: — T,

AP = p,-g-z- ! = 0
1

®)

AP: Pressure Difference due to Stack Effect (Pa);
Po: Outside air density (kg/ m3);

z: Height between two openings (m);

g: gravity (m/s?).

Higher buoyancy is induced by a larger temperature difference [15].

3.2. Designs and Operation of Natural Ventilation

Various natural ventilation principles in the literature are specified in this section.

3.2.1. Single-Sided Ventilation

This is one of the simplest ventilation principles. The main strategy is ventilating a building
through openings like windows or ventilation devices such as Trickle Vents. The air exhaust might
be through different openings which are still on the same wall, as indicated in Figure 3. Single-sided
ventilation is convenient for spaces of less than 6 m depth [31]. Furthermore, thin and tall vents are
more efficient in comparison with wide and short vents due to taking greater advantage of the stack
effect. This point should be considered in design specifically for summer when there is a slightly lesser
temperature difference between indoors and outdoors according to Building Bulletin 101 Ventilation
of School Buildings [32].

LA LA
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“

Figure 3. Single operable vent or device (left); bottom vent and single operable vent (right).
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3.2.2. Cross-Flow Ventilation

Openings are formed in two or more opposite walls in the same space in order to create cross
ventilation (Figure 4). This kind of ventilation is convenient for space depths of more than 6 m and less
than 12 m. There is greater potential here for taking advantage of wind pressure in comparison with
single-sided ventilation. Therefore, cross ventilation as a ventilation method has a larger air change
capacity in most cases [31]. It is recommended that there should be an acceptable height difference
between the inlet and outlet to provide sufficient buoyancy driving force for the no-wind case [32].
Cross-flow ventilation is mostly the main ventilation mechanism in office buildings, since they have
large spaces [33]. According to research carried out by A. Mochida et al., cross ventilation could be
used as part of a satisfactory mechanism of indoor thermal comfort. This study attempted to keep
predicted mean vote (PMV) values within the thermal comfort range by the automatic control of
windows [34].

g

ulll

Figure 4. Cross ventilation.
3.2.3. Purge Ventilation

Purge ventilation is a rapid exchange of air by opening doors and windows with considerable
angle. Purge ventilation enables the satisfaction of thermal comfort and assists in removing VOCs,
pollutants, or heavy smells [35]. Shock ventilation and trickle ventilation are two different special
terms of Purge Ventilation with respect to opening angles.

Shock Ventilation

Shock ventilation is a more specific type of purge ventilation and is defined as opening all the
windows simultaneously. The Federal Environment Agency claims that opening windows completely
for 5 min is more effective than opening them partially for long periods, since the walls, ceiling and
furniture lose their internal heat considerably less in comparison with opening windows partially for
long periods [36]. Galvin R. mentions in his article that shock ventilation can be up to 20 times more
efficient than trickle ventilation (Section “Trickle Ventilation”) due to causing overventilation in spite
of contrary public opinion according to some surveys [36].

Trickle Ventilation

Trickle ventilation is the passive ventilation strategy that provides air flow to the indoors by
means of vents with small angles, unlike purge ventilation. Adamu et al. [18] investigated four
different ventilation strategies—single window, dual-opening, inlet and stack, and ceiling-based
strategies—with different opening angles using Computational Fluid Dynamics (CFD) and Dynamic
Thermal Modelling (DTM) (Figure 5). The performance criteria were 60 L/s per patient (WHO) and
six air changes per hour (ACH) (HTM 03-01), even though there was noise concern [37,38]. A typical
model ward room with 3.78 m x 6.23 m x 3.5 m dimensions were modelled. The C4 value for the
single opening was assumed to be 0.25 [39], and for the dual opening in the same side of the wall
it was assumed to be 0.6. The results were evaluated in terms of ventilation rate, heating/cooling



Buildings 2018, 8, 152 7 of 41

load, and thermal comfort (PMV). Moreover, the other objective of the study was to evaluate opening
fractions to satisfy sufficient Trickle Ventilation for all cases in the winter period. Figure 5 illustrates
the monthly heating loads with respect to different cases by considering different opening fractions in
different parts of the year. One result in this study was that Trickle Ventilation with 25% opening has
the best performance for achieving the required airflow rate and satisfactory thermal comfort. It is
significant to note that the term “Trickle Ventilation” is different from the use of Trickle Vents.
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> pg—° > >
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Figure 5. Monthly heating loads with different opening fractions. (a) Single window opening (Case 1),
(b) same-side dual opening (Case 2), (c) inlet and stack (Case 3), and (d) ceiling-based natural ventilation
(Case 4) [18].

3.2.4. Trickle Vents (Background Ventilators)

Trickle Vents, which may also be called Background Ventilators, are a natural ventilation device to
provide background ventilation in addition to other forms of ventilation and are usually incorporated
into the frame of a window. They might optionally have a perforated aluminium screen on the supply
side to prevent dust, insect, and bird passage from the outside. They can generally transfer fresh
air from the outside to the inside by controlling wind gusts and turbulence. Moreover, the acoustic
performance is considerably better in comparison with that of windows (see also Section 4.8). Since it
is operable independently, a design with a much larger glass size is possible.

Trickle Vents (Background Ventilation) are defined in Building Regulations 2010 Approved
Document Part F [40] as a small ventilation opening which is designed to satisfy the ventilation
requirements for an entire building. Provisions for Trickle Vents are illustrated in Figure 6. Even
though they are mainly specified as Trickle Vents in the market, some technical documents call them
background ventilators as well [41]. They are mostly positioned 1.7 m above floor level in order to
prevent probable cold draughts [35,40].
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Trickle Vents are typically controlled manually. Some types of Trickle Vents have intermediate
positions as well as open and closed positions with respect to the fresh air requirement. Opening, closing,
and other intermediate positions are operated by the help of flaps. There are also self-balancing Trickle
Vents that control the amount of air intake by changing the opening area depending on the pressure
difference between indoors and outdoors in order to minimize draught risk (Pressure-Controlled Trickle
Vents) [14,42]. Besides this, integration into a building automation system of Trickle Vents can improve
the performance significantly [4].

Surface-Mounted Surface-Mounted Glazed-In
Trickle Vent Trickle Vent Trickle Vent
b r}l-l'!‘idl.' r“ - Uursidr
Outside L ameeeesesene '0 s‘
o , b 4
Trickle
» Trickle tLLLE =

\ Vent

/ Frame / F\r\am::e“t “

Trickle Vent

‘ + Frame

Figure 6. Trickle vents [40,43,44].

Classification according to Control Methods

There are two different control methods for Trickle Vents: pressure or slot controlled. Karava P.
investigated the air leakage characteristics of pressure-controlled and slot-controlled Trickle Vents
through various experimental methods [45].

Pressure-Controlled Trickle Vents

Pressure-controlled Trickle Vents have an interior part which has a fixed opening area and an
exterior flap. The exterior flap moves in order to control the amount of air passing through the ventilator.
The main driving force of air transfer through the inlet is the pressure difference between indoors and
outdoors due to wind and stack effects. The inlet area becomes larger in lower pressure differentials
and it becomes smaller in higher pressure differentials. Therefore, it has a higher airflow potential at
lower AP (AP < 10 Pa) in comparison with slot-controlled Trickle Vents (Figure 7). The experiment
results presented by P. Karava [45] indicate that the air flow rate is constant at 0.006 m® /s for a pressure
difference AP > 10 Pa (Figure 7). Due to the fact that the control of airflow is simpler in higher pressure
differences, application of pressure-controlled vents in climates with low outside temperatures is more
convenient in comparison with slot-controlled vents. In other words, there is superior performance
in the heating season. Pressure-controlled background vents are not compatible for use in cross
ventilation cases.
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Figure 7. Air flow through slot- (left) and pressure-controlled (right) Trickle Vents [45].
Slot-Controlled Trickle Vents

Slot ventilators are another type of Trickle Vents (background vent). They have a fixed opening
area, unlike pressure-controlled Trickle Vents. Properly designed slot ventilators can be recognized
as passive inlets. There is a lower risk of draught due to its design with air cavities and an exterior
mesh. There is a higher airflow rate potential in higher pressure differences (AP > 10 Pa) compared
to pressure-controlled background vents, as specified in the experiment presented by P. Karava.
A simulation of slot-controlled Trickle Vents gives sensitive results in contrast with pressure-controlled
Trickle Vents [45].

Classification according to Mounting Types

Trickle Vents can be also classified into two categories with respect to mounting types in the market.
These are over-frame flap ventilators and flap ventilators glazed in transoms/mullions [41,46-49].
Some brands have products in both categories.

Over-Frame Flap Ventilators (Surface-Mounted Trickle Vents)

The companies which produce over-frame flap ventilators (Surface-Mounted Trickle Vents) are
Titon, Greenwood, AWS, Masko, Brookvents and RW Simon (Figures 6 and 8).

Figure 8. Surface-Mounted Trickle Vents (left); Glazed-In Trickle Vents (right) [50,51].

Flap Ventilators Glazed in Transom/Mullion (Glazed-In Trickle Vents)

Glazed-In Trickle Vents (Flap Ventilators Glazed in Transom/Mullion) are commercially available
similar to Over-Frame Flap Ventilators. Renson, Metal Yapi, Brookvent, Amesbury, and RW Simon
companies are the major players in production of this type of Trickle Vent (Figures 6 and 8).

A list of some patented vents of both types available in the market is shown in Table 2.
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Table 2. Some of the patented vents available in the market.

Image

Applicant

Metal Yapi Metal Yapi Renson Renson

Partial tural Ventilati oL . .
artial Natural Ventilation Ventilation Device with Internal

Name of Patent System Developed for Unitized Vertical Natural Ventilation Device . Ventilation Grille
: Heating System
Curtain Wall
Application Number TR 2013/08326 [52] TR 2016/17175 [53] EP 2639 519 A1 [54] EP 2995 879 A1 [55]
Image
Applicant Renson Titon Titon
Name of Patent Ventilation Device Slot Ventilator Slot ventilator mounted on a

Application Number

window or door to be ventilated
EP 2 141 424 A3 [56] US005702297A [57] GB 2432656 A [58]
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4. Trickle Vent Design and Performance Requirements

Different performance requirements are identified in different sources. Building Bulletin
101—Ventilation of School Buildings [32] specifies that the main design criteria of natural ventilation
systems are ventilation capacity, controllability, security, sealing, vent actuators, and acoustic
attenuation. Controllability is slightly different from vent actuators. While “controllability” is about
easiness of control by occupants, “vent actuators” is about the performance of the ventilation system
within the building automation system. Operation of the ventilation system should be as quiet as
possible during operation with the building automation system.

The main performance requirements are given in this section.

4.1. Performance Test Methods

The airflow capacity of Trickle Vents and other externally and internally mounted devices is
determined according to BS EN 13141-1 [40]. If testing conditions are different from 20 °C and
101,325 Pa, the results should be corrected using the formula below [59].

293 b,

— e 4
Jv cor = Yv meas 273+ 6, 101325 ( )

o cor: Corrected air flow rate (L-s™1);
8,: Ambient temperature (°C);
Pa: Atmospheric pressure (Pa).

NBS 2010b for England and Wales, Part F, defines background ventilation and different Trickle
Vent types and how to determine their performance from different aspects such as air flow rate,
equivalent area, noise control, etc. [40]. Besides this, Building Research Establishment (BRE) published
General Trickle Ventilator Guidance in 1998 [49].

The standards that describe the way of determining Trickle Vents performance is illustrated in
Table 3.

Table 3. The Standards which are used to determine Trickle Vent performance [48].

Performance Standard The Name of Standard

Ventilation for Buildings—Components/Products for
Ventilation Capacity EN 13141-1 [59] Residential Ventilation—Part 1: Externally and
internally mounted air transfer devices

Acoustics—Measurement of sound insulation in

Acoustics BS EN 20140:10:1992 [60] buildings and of building elements
. Acoustics—Measurement of sound insulation in
Acoustics BSEN140:10[61] buildings and of building elements
Acoustics—Rating of sound insulation in buildings
Acoustics BS EN ISO 717-2 [62] and of building elements Part 1: Airborne
sound insulation
Water Tightness BS EN 1027: 2016 [63] Windows and doors—Water tightness—Test method
Air Permeability BS EN 1026: 2016 [64] Windows and doors—Air permeability—Test method
) Thermal performance of windows, doors and
Thermal BS EN IS0 10077-2: 2017 [65] shutters—Calculation of thermal transmittance
Burglar Proof EN 1627:2011 to EN 1630:2011 [66-69] Pedestrian doorsets, windows, curtain walling, grilles

and shutters—Burglar resistance

4.2. Positioning on the Wall

Trickle Vents could affect energy load to a significant level if they are sized and positioned correctly.
For instance, a cold draught which directly influences the heating load and thermal comfort of the
indoors could be minimized by using Trickle Vents in convenient positions [49].
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Trickle Vents should be positioned 1.7 m above floor level in order to prevent potential
draughts [40]. Besides this, positioning airflow openings higher than desk level prevents the risk of
paper scatter. Therefore, separate openings like Trickle Vents are essential to preventing flight of paper
in the summer term during high ventilation rates, even though it could be beneficial for providing
thermal comfort [49].

Most Trickle Vent applications are on top of windows. However, there are some exceptional
applications. For instance, Trickle Vents applied in San Francisco Federal Building are located under
windows and baseboards [70]. There are also vertical Trickle Vents developed by Metal Yapi which
were applied in a project in Moscow [14]. This system enables advantage to taken from the stack effect
as well as from wind ventilation. Moreover, there is another Trickle Vents mock-up which is applied to
the bottom of glazing, as seen in Figure 9 [4]. The plan section of a vertical Trickle Vent and a Trickle
Vent applied to the top of glazing are illustrated in Figure 9 as well.

Figure 9. (a) A Trickle Vent applied to the bottom part of glazing [4]; (b) a vertical Trickle Vent [14];
(c) a Trickle Vent applied to the top part of glazing [48].

4.3. Opening Area

The opening areas of Trickle Vents are given in the literature mostly as geometrical free areas and
equivalent areas, which are two different methods to measure.

® Geometrical Free Area and Equivalent Area

While the geometrical free area corresponds to the total of all sectional free opening areas, the
equivalent area is the same sharp-edged circular orifice area which allows for the same amount of
airflow passage under the same pressure difference [59]. The geometrical free area is defined for the
products which are fully open [71]. It is the minimum cross-sectional area perpendicular to the air flow
path (Figure 10). Both terms are crucial to defining the airflow capacity of Trickle Vents and similar
internal and external air transfer devices.
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] ~

Q z::] :

1 Adjustable slot (when fully open)

3 Holes or slot in window frame

N

[l 2 Flow restriction inside product

4 Insect screen

Figure 10. Geometrical free area [59].

The equivalent area of a ventilation device is defined using the formula below [59]. C values are
given in the Table 4 with respect to different pressure differences.

A=Cqp ®)

A: Equivalent area (mm?);
C: Table 4;
Jv: Volume flow rate under certain pressure difference.

Table 4. C values under certain pressure differences [59].

AP Pa Cmm1ls
1 1272.5
2 899.7
4 636.2
8 449.9
10 402.4
20 284.5

Alternatively, the background ventilator equivalent area is determined with the formula below [40].

A = 1000- (g)-(g.AP)O'S )

d

A: Equivalent area of background ventilator (mm?);

Q: Air supply rate (L/s);

C4: Discharge coefficient (assumed as 0.61);

p: Air density (kg/m?) assumed as 1.2 kg/m3;

AP: Pressure difference (1 Pa for multistory buildings, 0.6 Pa for single-story buildings).

The total equivalent area should be double the equation above, since half of the openings act as air
discharge units. The pressure differences specified above are given by considering a 15 °C temperature
difference, 4 m/s wind speed, and 10 m height according to BS 5925:1991 [40,72].

The Building Regulations 2010—Approved Document F [40] states that the minimum available
equivalent area of Trickle Vents should be more than 5000 mm? in habitable rooms and 2500 mm? in
kitchens, utility rooms, and bathrooms in dwellings. Moreover, the total equivalent area of Trickle
Vents is illustrated in Table 5. If the dwelling is lower than five floors, a further 10,000 mm? equivalent
area should be added to this list.

Ventilation rates in all buildings are determined by considering Table 6. However, if the air
permeability of a dwelling is higher than 5 m3/(h-m?), the air supply rate can be diminished to
0.15 ACH in order to allow for infiltration.
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Table 5. Total equivalent ventilator area of Trickle Vents for dwellings [40].

A—Total Equivalent Ventilator Area a (mm?) for a Dwelling with Any Design Air Permeability

Number of Bedrooms

Total Floor Area (m?)

1 2 3 4 5
<50 35,000 40,000 50,000 60,000 65,000
51-60 35,000 40,000 50,000 60,000 65,000
61-70 45,000 45,000 50,000 60,000 65,000
71-80 50,000 50,000 50,000 60,000 65,000
81-90 55,000 55,000 60,000 60,000 65,000
91-100 65,000 65,000 65,000 65,000 65,000
>100 Add 7000 mm? for every additional 10 m? floor area 5

Table 6. Building ventilation rates [40].

Number of Bedrooms

1 2 3 4 5
All building ventilation rate (L/s) 13 17 21 25 29

A minimum 400 mm? opening area of Trickle Vents for each m? of floor area is required for office
spaces according to Kolokotroni M. et al [41].

Building Bulletin 101—Ventilation of School Buildings [32] claims that Trickle Vents have limited
benefits in the ventilation of school buildings. For instance, a 16,000 mm? inlet free area and a 8000 mm?
outlet free area only satisfies 1/12th of the ventilation requirement of a typical classroom in mid-year
conditions and with single-sided ventilation.

If the opening area and its position is not designed precisely to satisfy the required ventilation
rate, excessive ventilation could lead to an energy penalty for buildings. Moreover, it is hard to
provide Passive Stack Ventilation (PSV) with energy efficiency, effectiveness, and IAQ guarantee
without controlling ventilation through ventilation demand control [15].

4.4. Climatic Adaptation

Trickle Ventilators and other single-sided openings are convenient in a moderate climate. However,
there are some complications to using them in the winter period [31]. Nevertheless, Trickle Vents
are essential for various floor heights between 2.5 m and 3.1 m in various heat gain cases in winter
conditions [49]. Moreover, pressure-controlled Trickle Vents have some superiorities in comparison
with slot ventilators in the heating season when temperature differences are comparatively higher,
since they supply more constant and relatively less air flow in high pressure differences (AP > 10 Pa)
and supply more air flow in low pressure differences (AP < 10 Pa) [45].

Due to lower temperature differences between indoors and outdoors, thin and tall openings
would be more effective in summer cases. Therefore, the vertical Trickle Vent design as part of a curtain
wall frame produced by Metal Yapi shall be more beneficial in summer cases [32].

The application of Trickle Vents in San Francisco Federal Building apparently gives another
perspective regarding climate. Wood A and Ruba Salib mention that occupants tend to use Trickle
Vents instead of windows to prevent cold draughts in the winter term. On the other hand, since
the climate gives the opportunity to have night cooling in summer times, the Building Management
System (BMS) opens Trickle Vents to decrease the cooling load in this project [70].

4.5. Control Strategy

The most significant effects on ventilation performance come from the wind velocity, airtightness
level of the building, number of the occupants and schedule of occupancy, and other wind-related
parameters. Available control options are classified in CIBSE Guide B2—Ventilation and Ductwork [49]
as manual control, humidity controlled, pressure controlled, and pollutant controlled (smoke, CO,,
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CO). However, the ventilation requirement is mainly tracked and controlled by the change in relative
humidity or CO;. Tracking relative humidity has some negative impacts due to being dependent
on many parameters such as ventilation rate, outdoor climate conditions, and hygroscopic buffering.
However, CO; change is only dependent on the number of people inside, in contrast to relative
humidity [10,28].

Cristina Cornaro mentions that the best method of ventilation evaluation in her study is CO,
concentration generated by occupants [12].

The control strategy of Trickle Vents is based on the change of indoor CO, concentration in
the research by Lavarge, ]J. et al. It was assumed that the outdoor CO, concentration was 350 ppm.
In addition to this, indoor air quality is considered acceptable for a CO, concentration lower than
600 ppm according to EN 13779 [11]. A set point was arranged at 1000 ppm, which is the most common
set point in buildings. If there is less CO, than 1000 ppm, the opening size of the Trickle Vents is
reduced to 10% of the actual size. The main target is satisfying 36 m3/h per person, which is specified
in IDA 2 in EN 13779. On the other hand, 11.875 L/h/met CO, production and 34.375 g/h/met
moisture production should be considered for simulations with respect to BS EN 15251 [10,73,74].

Even though there is robust heat loss, there is greater saving potential in a CO,-based control
strategy compared to other control strategies for the use of Trickle Vents as ventilation apparatus [10].

Trickle Vents and windows connected with a BMS (Building Management System) are controlled
with respect to indoor temperature, wind velocity, and its direction. The BMS can collect pressure data
to determine windward and leeward sides in order to conclude whether there is sufficient air flow
potential through or not during the cooling season. Thus, the BMS gives an order to have additional
air by means of Trickle Vents. Furthermore, the BMS opens only Trickle Vents to provide an adequate
amount of air flow in the case of stormy weather [70].

DCPV (Demand-Controlled Passive Ventilation) requires experimental investigation according to
Southall R.G. [15].

G. Guyot et al. mention that there are substantial energy savings of up to 60% from the use of
DCV (Demand-Controlled Ventilation) with the right control strategy. Besides this, there would be
26% additional energy consumption in some cases [1].

Caillou et al. investigated 35 different DCV systems with different control strategies in Belgium.
The most IAQ-friendly and energy-efficient system was found to be supplying air through Trickle
Vents and other additional systems while controlling humid areas through relative humidity and dry
areas through CO, concentrations [1,75].

Savin, Jean-Luc et al. [76] investigated relative-humidity-controlled Trickle Vents, demand-controlled
exhaust units in wet rooms, and centralized fans connected with these units in order to determine the
performances in terms of energy efficiency and indoor air quality aspects through in situ monitoring in
living rooms and bedrooms of dwellings. The sensor measurements were obtained instantly by means of
Wi-Fi [1]. The article presents a correlation between CO, levels and humidity levels for toilets, bathrooms,
and kitchens. The study claims that the absolute humidity level (g/m?) is correlated with CO, levels
in toilets (Figure 11). The CO; concentration was measured on an hourly basis as a complementary
study in a low occupied bedroom (1 adult) and a high occupied bedroom (4 adults) for a one-year period
(Figure 12). It is apparent that the system satisfies 1500 ppm even in the high occupied bedroom except
for a few hours [76]. However, the paper does not consider the volume of air in the rooms, which will
have a significant impact on the CO, concentrations.

Figure 13 illustrates that relative-humidity-controlled Trickle Vents tracked pretty well in the
changes of relative humidity values in a bedroom under 10 Pa pressure difference over one week of
monitoring [76].
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Figure 11. Correlation between CO, and absolute humidity in toilets [76].
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Figure 12. Hourly CO, concentration measurements in two different bedrooms with low occupancy
(1 adult) and high occupancy (4 adults) periods annually [76].
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Figure 13. CO,, temperature, Q@10Pa, and relative humidity distribution during one week of monitoring [76].

Since airflow was supplied not more than required due to control of IAQ by considering change of
relative humidity, there were considerable energy savings between 30% and 55% in the winter case by



Buildings 2018, 8, 152 17 of 41

avoiding additional heat loss [76]. Simply relative-humidity-controlled Trickle Vents without hybrid
ventilation would determine the performance in a clearer way.

4.6. Ventilation Performance

According to some reports, 40% of all energy consumption occurs in dwellings. Furthermore,
it has been predicted that 57% of overall energy usage in dwellings is consumed for heating and
cooling spaces [10,77]. Optimization to determine the required air flow rate is crucial, since excessive
ventilation causes an energy penalty as well as leading to insufficiency in ventilation and poor IAQ [78].

The most conventional way to indicate ventilation performance is to use the geometric free area or
equivalent ventilation area according to BRE-1998 [49,79]. The equivalent ventilation area is the most
realistic method to measure the air flow rate because Trickle Vents with the same equivalent area have
the same airflow capacity even if they have different free areas [49]. Besides this, the most frequently
used method to measure air flow rate is described in the EN 13141-1 standard [59], according to
which air flow rate values should be determined under 1, 2, 4, 8, 10, 15, 20, 30, 40, 60, 80, and 100 Pa
pressure differences.

The building ventilation rate is determined by considering Table 6. These values should not be
lower than 0.3 L/s per m?. In addition to this, the occupancy is assumed as two persons in the main
bedroom and one person in other bedrooms. In the case of higher occupancy, 4 L/s should be added
for each additional person [40].

Several commercial brands present the air flow rate of their product with respect to 1, 2, 10,
and 20 Pa pressure differences. Some commercial brands prefer to only present the equivalent area to
illustrate ventilation performance [80].

A performance measurement comparison of a Trickle Vent between testing and CONTAM
software is illustrated in Figure 14. Besides this, test results of the air flow rate of a Metal Yapi
horizontal Trickle Vent according to EN 13141-1 are given in Figure 15 for each meter length [14].

Self-regulation air inlet

80
70
60

50
40

20 \_/
20 —— Measured Data
10 = CONTAM input

Flow Rate [m®/h]

0 T T T T T
0 5 10 15 20 25 30 35 40 45 50

Pressure Difference [Pa]

Figure 14. Comparison of Trickle Vent performance through CONTAM and experiment [78].

P. Karava et al. [45] conducted a study to determine the ventilation performance comparison of
slot- and pressure-controlled Trickle Vents based on ASTM E783 [81] as illustrated in Figure 7.

The ventilation capacities of various randomly chosen products in the market are illustrated in
Table 7. Some of the Trickle Vent brands give equivalent area information instead of airflow rate in
their technical data sheets.
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Figure 15. Performance of Metal Yapi horizontal Trickle Vents [14].

Table 7. Ventilation capacities of randomly chosen various products under various pressure differences
for each module in the market.

Geometry na
P. Karava et al. Pressure P. Karava et al. Slot RW Simon Airstrip . s
Product Controlled [43] Controlled [45] 19000 [82] RW Simon Airstrip 200 [83]
Air Flow Rate 27.0 m3/h (20 Pa) 21.6 m3/h (20 Pa) 168.5 m3 /h (20 Pa) 96.3 m3 /h (20 Pa)
Geometry
Metal Yapi Horizontal =~ Metal Yapi Vertical Trickle
Product Renson Oxyvent (20 Pa) [80]  Renson AK80evo [84] Trickle Vents [14] Vents [5]
Air Flow Rate 190.4 m3 /h (20 Pa) 70.6 m3/h (20 Pa) 197.3 m3/h (20 Pa) 241.9 m®/h (10 Pa)

4.7. Thermal Bridging

The heat transfer rate of Trickle Vents as a building envelope element is discussed in this section.
Its influence on thermal comfort and HVAC load is also discussed in Section 6 of this paper for each
study or each case separately.

The thermal performance of Trickle Vent products is determined with respect to the EN 10077-2
“Thermal performance of windows, doors and shutters—Calculation of thermal transmittance”
standard. Trickle Vents are generally thermal bridge areas compared to the surrounding building
envelope components. Therefore, design should be carefully considered from the thermal aspect.
The Time-Lapse Thermography for Building Defect Detection study by Fox M. et al. indicated that the
Trickle Vent zone of a building surface was 6 K warmer due to heat escape by means of air leakage
(Figure 16) [86].

7
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Figure 16. Thermographic images of a building envelope taken every 6 h [86].
4.7.1. Risk of Condensation

Condensation prevention is highly crucial to keep materials sustainable, to conserve them from
corrosion and other environmental effects, and to supply visual aesthetics in building envelopes.
Energy efficiency in buildings has also a significant role in decreasing environmental pollution as well
as in the minimization of initial cost and operating cost. Moreover, high energy efficiency without
condensation risk in building envelopes is highly essential to supplying thermal comfort conditions in
the indoor environment with lower cost [87].

There is a condensation risk assessment study of various Trickle Vents in a study by Biler [14].
The condensation risk analysis shown in Figure 17 is for Vertical Trickle Vents with discontinuous
brackets. Since the project was in Moscow, the outdoor temperature was assumed to be —28 °C which
is actually quite challenging in terms of condensation risk. Additionally, the indoor temperature was
assumed to be 20 °C and with 50% relative humidity. If there is 20 °C and 50% relative humidity
indoors, the corresponding dew point is 9.3 °C according to calculation based on the August Magnus
approach [88]. The minimum temperature on an aluminium surface is 11.2 °C, which is greater than
9.3 °C. Therefore, there is no condensation risk on aluminium surfaces. The analysis was done through
the Trisco 3D steady-state heat transfer program.
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Figure 17. 3D steady-state heat transfer analysis of a vertical Trickle Vent [14].
4.7.2. U Value

Thermal transmittance values (U values) of Trickle Vents are calculated according to the EN ISO
10077-2 [65] standard. The main formula [89] used to calculate the frame component is given below
(Figure 18).

by, by

by by 2190

Figure 18. The view of frame and installed panel section in EN 10077-2 [65].

L3P —Uyb
u =L "7 @)

by
Uy: Thermal transmittance of the frame section, in (W/ m? K);
szD : Thermal conductance of the section (W/mK);
Up: Thermal transmittance of the center of the panel (W/ m? K);
by: Visible width of the panel (m);
bg: Projected width of the frame section (m).

Different U values for vents on the market are specified in Table 8. Trickle Vents integrated into
curtain walls are mostly presented in the technical datasheets of various brands.
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Table 8. U values of various brands in the market.

Geometry
Product Metal Yapi Horizontal Metal Yapi Vertical Renson Invisivent®V0
Trickle Vent [85] Trickle Vent [85] [90]
U Value 21 W/m? K 2.7W/m? K 28 W/m? K
Geometry
Product Renson Oxyvent [80] Renson AK80EVO /4 [84]
U Value 28 W/m? K 21 W/m? K

4.8. Acoustic Performance

Trickle Vents with higher acoustic performances usually lead to higher pressure drops [49].
Furthermore, “effective area” and “equivalent area” are the most common ways used to determine
acoustic effectiveness [49,79].

The Sound Insulation levels (D, ) of Trickle Vents and other air transfer devices are determined
according to EN 20140 [59,60]. Even though the EN 13141-1 standard recommends calculation of
acoustic performance with the D, . value, some brands prefer to announce it with the Ry, value which
includes the overall curtain wall model. There is no specific minimum required sound reduction limit
in EN 13141-1. Measurement should be conducted with maximum aperture.

D, . (dB) is defined as the element-normalized level difference. The calculation formula is
given below.

A
Dpe=1L;—Ly+ 101g<AO) 8)

L;: Average sound pressure level—Source room (dB);

Ly: Average sound pressure level—Receiving room (dB);
Ap: Reference area (m?) (for the lab, Ag = 10);

A: Equivalent absorption area in the receiving room (m?).

On the other hand, the Ry, value, which is also known as TL (Transmission Loss in English-speaking
countries), is the sound reduction index that is calculated with the formula below from measurements in
the lab.

R=L;—Ly+ 101g<i> 9

L1: Energy average sound pressure level—Source room (dB);

Ly: Energy average sound pressure level—Receiving room (dB);

S: Free test opening area where the test element is installed (m?);

A is the area of equivalent sound absorption in the receiving room, in m? [91].

D, values of various Trickle Vent products on the market are given in Table 9 and Ry, values are
given in Table 10.
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Table 9. D;, . values of various Trickle Vent products.

Geometry
Product Renson AK80EVO /4 [84] Renson Oxyvent [80] Renson InvisiventEVO [90] Brookvent Airvent DG1500 [92]
D, (dB)—Open 33 (—1;-2) 27 (—1;-2) 27 (—1;-1) 28
D,e (dB)—Closed n.p.d. 40 (0;—2) 49 (—1;-1) 33

-

N

Geometry
Product Brookvent Airvent SM 1000 [44] AmesburyTruth SM1200 [93] Greenwood 8000HD [94] R.W. Simon Acoustic F V [95]
D, . (dB)—Open 29 30 31 33
D, . (dB)—Closed 47 47 33 40
. he
4 3 > ) fS = ~
Geometry > 1640 % - \j ‘ ,- \
Product Brookvent Airvent SM 1400 [96] Brookvent SM Acoustic [97] Titon Select S13 [98]
D, . (dB)—Open 32 40 33 (—1,0)
D, (dB)—Closed 39 44 45 (—1;-2)
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Table 10. Ry, values of various Trickle Vent products [14,99].

Geometry I
Product Metal Yapi—Horizontal Trickle Vent ~ AWS Ventient Series fixed window 10.38 mm lam glass
Ry (dB)—Open 25.8 30
Ry, (dB)—Closed 40.1 n.a

4.9. Air Permeability

Air permeability tests are conducted for Trickle Vents in the closed position according to EN
1026 [64]. Air leakage rates of various Trickle Vents in the market are specified in Table 11.

4.10. Water Tightness

Water tightness performance testing of Trickle Vents is based on EN 1027 [60]. Trickle Vents
should be tested when they are completely closed [59]. Water spraying durations are shown in Table 12
for each test pressure differences.

The water tightness performance levels of various Trickle Vents in the world market are given in
Table 13.
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Table 11. Various Trickle Vent products and their air permeability rates in different pressure differences.

24 of 41

Geometry

Product Metal Yapi—Horizontal Trickle Vents Brookvent Airvent DG1500 [92] Brookvent Airvent SM 1000 [44] Greenwood 8000HD [94]

AP 600 Pa 50 Pa 50 Pa 50 Pa
Air Flow Rate 1.5m3/h 1.5m3/h 0.5m3/h 2.6 m3/h
5=
Geometry @} @
8 ;
Product Greenwood 5000EA [100] Brookvent Airvent SM 1400 [96] Brookvent Airvent SM Acoustic [97]
AP 50 Pa 50 Pa 50 Pa

Air Flow Rate 0.6 m3/h 1.1m3/h 155 m3/h

Table 12. AP and water spraying duration [59].

Duration of Water Spraying (s)

Pressure Difference between the Chamber and Exterior (Pa)

10
20
50
100
150

120
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Table 13. Water tightness performance of various Trickle Vents.

25 of 41

Geometry
Product Renson AK80EVO [84] Renson Oxyvent [80] Renson InvisiventEY© [90] Metal Yapi Horizontal Trickle Vent [14]
Open (Pa) 50 Pa 50 Pa 50 Pa n.a.
Closed (Pa) 650 Pa 650 Pa 650 Pa 600 Pa
X
Geometry v C ET
* LR b
Product AWS Ventient Series with Brookvent Airvent SM 1000 [44] Greenwood 8000HD [94]
Soundout [99]
Open (Pa) n.a 450 Pa n.a. n.a.
Closed (Pa) 600 Pa n.a. 600 Pa 300 Pa
Q
Geometry i \ 5 @} I i c%
—— N 1
Product Greenwood 5000EA [100] RW Simon TFF Slimline [101] Brookvent Airvent SM 1400 [96] Brookvent Airvent SM Acoustic [97]
Open (Pa) na. 450 Pa na. n.a.
Closed (Pa) 600 Pa n.a. 600 Pa 300 Pa
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Table 13. Cont.

26 of 41

Geometry

Product
Open (Pa)
Closed (Pa)

Titon Select S13 [98]
n.a.
600 Pa
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5. Modeling and Monitoring Techniques

Modeling and monitoring techniques regarding Trickle Vents are defined and evaluated in
this section.

5.1. Modeling Techniques

“Modelling” is demonstrating real life conditions on a computer by using laws of physics,
mathematics, and computational methods [102]. The main softwares used for modelling Trickle Vents
in the literature are Computational Fluid Dynamics (CFD) softwares EnergyPlus and CONTAM.

CFD is the method used to simulate airflow behavior under various boundary conditions.
Use of CFD has increased incredibly since 2002 due to having a user-friendly interface and reliable
results, as well as being easier and cheaper in comparison with experimental methods [13,97].
EnergyPlus was developed to model and analyze whole buildings in terms of heating, cooling,
lighting, and ventilation loads [103]. IAQ in multizone models, ventilation performance, contaminant
concentrations, and personal exposures can be determined by means of CONTAM software [99].

Simulations in general require considerable running time and high system requirements.

EnergyPlus has outstanding performance to have different design alternatives rather than
predicting energy consumption values. EnergyPlus has poor quality in terms of user interface and
user friendliness. This software can be used along the life cycle of building including commissioning,
design, and construction. Even though it consumes time, complex systems can be modelled in
EnergyPlus [104].

CFD is mainly used to solve problems related with heat transfer and flow. It is cheaper and faster
than experimental techniques even though it requires long running time and high system requirements.
It allows us to theoretically simulate physical conditions. It also enables us to access results of various
parameters in large numbers of locations, unlike experimental techniques. However, this technique
might lead to numerical errors similar to truncation error or round-off error. Boundary conditions are
quite critical to reaching reliable results [105].

CONTAM enables us to analyze and calculate contaminant concentration, smoke distribution,
airflow rates, relative pressure between spaces, and IAQ-related issues for existing buildings and
projects in the design phase [106]. Therefore, the number of inhabitants and their behavior, weather
conditions, air permeability of the facade, pollutant parameters, dimensions and temperature data of
the indoors, and many similar datapoints are required to reach reliable results [107]. CONTAM has
some superiorities such as enabling very large and complicated building configurations, sophisticated
duct system modelling, and more options to model air leakages in comparison with EnergyPlus in
terms of airflow. When it comes to contaminant transport, CONTAM has some superiorities compared
to EnergyPlus, like the ability to define limitless contaminants, sources, and sinks within the model; 1D
convection/diffusion transport between zones and pipes; and CFD models with coupled zero-order
turbulence in terms of contaminant transport [108].

When it comes to the performance of pressure-controlled Trickle Vents, the exterior flap leads
to interior pressure variations; this type of vent is complicated. Therefore, experimental studies are
required for such vent types [45].

5.2. Monitoring Techniques

“Monitoring” is observation and physical change through probes or sensors during a project,
programme, or experiments [109]. It is also known as “field measurement” for a certain period. Tracer
gas techniques and directly measuring the ventilation rate are two main techniques used to measure
ventilation rate in the field. Section 5.2.1 in this paper presents how to calculate ventilation rates during
monitoring [110].

J. C. Salcido et al. [111] specifies that the main limitation of simulation techniques is inconsistency
between simulation performance and monitored (actual) performance. Concordantly, this research
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claims that energy savings in the actual case might not be as visible as savings in simulated conditions.
There is also a gap in the literature concerning the difference between simulated performance and
actual performance specifically for Mixed-Mode Ventilation.

5.2.1. Calculation of Ventilation Rate by Using Measurements

Occupant-generated CO, could be also used in a tracer gas technique to determine the ventilation
rate of Trickle Vents, as Cornaro et al. presented in [12]. Two different methods can be applied as a
tracer technique: the constant tracer gas method and the decay tracer gas method [12].

The constant tracer gas method is directly related with the state of equilibrium. CO, production
and ventilation rates are two different parameters which are assumed in this method. The CO,
concentration is assumed to be constant over time. Ventilation rates are calculated by using a mass
balance equation as indicated below [12].

. Cyen (hge%) .1(person)
Cint — Cost (cm3)

m3

(10)

V: Ventilation rate (m3/h);

Cgen: CO7 generation by a person (cm3/(h-person));
n: Number of persons;

Cest: CO, concentration outdoors (cm3/m?3);

Cint: CO5 concentration indoors (cm3/m3).

The reference data used to calculate Equation (10) are as follows. CO, production per capita is
defined in EN15251 [74] as 19 L/h. Besides this, the outdoor CO, concentration is assumed to be
390 ppm based on CEN CR1752 [8]. The ventilation rate could be calculated as follows [12].

3
- 19,000 (%) .n(person)

(Cint — 390) (27

Furthermore, the tracer gas decay method is used to determine the performance of Trickle Vents
systems when there is no source of CO; indoors. Decay in the CO, concentration after a certain time
can be explained by the equation below [12].

e =) _ (11)

In =
C(O) - Cout

C(0): Indoor CO, concentration at f = 0 (cm3/m?);
C(t): Indoor CO, concentration at t = t (cm3/m?);
Cout: Outdoor CO, concentration (cm3/m?);

o Air change rate (h™1).

It can be used with the measurements of indoor concentration at two different times; the
average specific air flow rate at a particular time is determined using Equation (11) with the h~!
expression [112].

6. Studies of Trickle Vent Performance and Their Results

Simulation, experimental, and survey studies about draught risk and cost studies are reviewed in
this section.
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6.1. Simulation Studies about the Effect of Trickle Vents and Their Control

Computer simulations and measurements do not perfectly superpose each other due to actual
occupation, metabolic rate, and window openings varying compared to the design case [26].
This implication is discussed in Section 5.2 in this paper.

Simulation studies with EnergyPlus, CONTAM, and CFD software tools are presented in
this section.

6.1.1. EnergyPlus

Passive stack ventilation (PSV) and Demand-Controlled Passive Ventilation (DCPV) performance
of Trickle Vents were evaluated by means of EnergyPlus in R.G. Southall’s research [15]. The model
dimension is 9 m x 6 m x 2.85 m for each two floors in the model. The U value of the walls is
0.113 W/m? K, which is typical for lightweight insulation, and the U value of the glazing is 0.77 W/m?
K, which is typical of argon-filled, low-e, triple-glazed windows. These values could apply to standard
low-energy homes. The designed occupancy is two adults and two children who emit 80 W per person
internal gain and 3.82 x 10~3 CO, production rate, as specified by ASHRAE 62.1 [13]. the additional
internal gain is 2.1 W/ m?2 K, as declared in the PassivHaus [113] standard. Besides this, the Trickle
Vents are sized considering U.K. building regulations which are 72,000 mm? in total and 8250 mm? per
external wall section. Air leakage ratings with 0.6, 1, 2, and 3 ACH (air change per hour) @50Pa are
assumed as well as the three different climates of Porto, Plymouth, and Bergen in the model separately.
There are 12 different simulation results considering 3 different locations and 4 different air leakage
ratings. The CO,, humidity level, and temperature of each space is tracked by means of the EnergyPlus
run-time language (EMS). The control strategy in DCPV is opening in the case of a CO; ratio in excess
of 800 ppm and closing below that concentration. In addition to this, trickle vents are opened in case
of exceeding 24 °C or 70% RH, regardless of the indoor CO, concentration. On the other hand, trickle
vents are only closed when the CO; level is below 300 ppm in PSV. Moreover, the heating set-point is
20 °C.

The results of this study indicate that the average wind speeds of climates influence the results
significantly more in comparison with temperature differences in different seasons. While the flow
rates are the highest in Plymouth, which has the relatively highest wind speed, the lowest stack flow is
obtained in Porto, which has the lowest wind speed and temperature differences. Since the increase
in the fabric leakage level is not parallel to the stack flow rates, from the outcomes can be concluded
that the stack sizing in U.K. regulations is quite appropriate. Average vent flow at the ground floor
ranging between 78 and 105 m3/h is considerably higher than that at the first floor, ranging between
22 and 50 m3/h in PSV. The average ventilator inflow at the ground floor ranging between 30 and
44 m? /h is slightly higher compared to that at the first floor with 20 and 40 m®/h in DCPV; DCPV
shows more consistent results, contrary to the extreme differences in PSV. Outflow from the first floor
is considerably decreased from a 20 to 30 m®/h range to a 0 to 2 m3/h range in DCPV with efficient
control. DCPV takes a longer time to evacuate CO,. The PSV system exceeds the 1000 ppm CO, limit
in the least windy and warmest climate (Porto). Relative Humidity levels are never higher than the 70%
RH needed to lead Trickle Vents to open in the DCPV case. The highest energy savings are achieved in
the coldest climate (Bergen) with 25 kWh/m? in DCPV. The heating load decrease is between 40 and
95% in DCPV compared with PSV. The windward side leads to a greater heating load in cold weather
due to having excessive ventilation. The positioning of the trickle ventilator is crucial to preventing
cold draught, which affects thermal comfort.

A DCPV system might be used to follow other pollutants. Experimental studies might give more
reasonable and reliable results.
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6.1.2. CFD

Computational Fluid Dynamics (CFD) is the method used to simulate airflow behavior under
various boundary conditions. Use of CFD has increased incredibly since 2002 due to having a
user-friendly interface and reliable results, as well as being easier and cheaper in comparison with
experimental methods [18,114].

K. Arendt and M. Krzaczek modelled 0.02 m x 1.50 m Trickle Vents as inlet ducts in their CFD
simulation, which is quite rough [77]. The air inlet velocity was defined as 0.6 m/s with 19 °C
temperature, which corresponds to 1 h~! ACH. Moreover, the air inlet temperature was defined as
—10 °C in another case. The assumed internal gain indoors was 6.15 W/m? between 7 a.m. and 5 p.m.
and 1.54 W/m? at nights. Various numbers of meshes were tried, from 2900 up to 28,100, in order to
reach the most realistic model. The finest mesh was 15 times more time consuming compared to the
coarsest one. While a major amount of air followed the upper side of the closed area in the 19 °C air
inlet case, the air dropped instantly and followed the bottom side in the —10 °C case, as illustrated in
Figures 19 and 20. The surface heat transfer coefficients were determined to be h, =1.83 W/ m? K
(19 °C case) and hy = 5.03 W/m? K (—10 °C case) as a result of simulations, unlike the surface heat
transfer coefficient of h = 7.7 W/m?2 K specified in ISO 6946 [115].
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Figure 20. Air inlet with 19 °C (left); —10 °C (right) [77].

This study investigated the indoor environment of a house rather than the performance of
Trickle Vents itself. Apart from this study, there has been no significant CFD study to determine the
performance of Trickle Vents individually. The main limitation is the model itself does not focus on
Trickle Vent performance. Moreover, it is hard to precisely simulate outdoor conditions, which are
another crucial parameter in natural ventilation. This is another major limitation in this method.
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6.1.3. CONTAM

IAQ in multizone models, ventilation performance, contaminant concentrations, and personal
exposures can be determined by means of CONTAM software [116]. Manual Trickle Ventilators which
simply allow discharge are modelled in CONTAM based on Relative Humidity Demand-Controlled
Ventilation (DCV) and in a standard Belgian dwelling by Van Den et al. [78]. The results of the analysis
are compared with simply discharge, constant-airflow vents. The modelled occupancy is four persons
including two children in Uccle, Belgium. Airflow is controlled in the range of 20%—-100% opening as
parallel to the 30-100% RH range in humid rooms with two switch levels. The performance of Trickle
Vents (Self-Regulating Inlet) that are applied to dry rooms is illustrated in Figure 14. The airflow rate
becomes stable when it exceeds 6.5 Pa. Results indicates that the IAQ is somewhat worse than in
each CO,-IDA class of EN 13779 [11] and the LKI;5qo index of the NEN 8088. In addition to this, time
percentage is used as an indicator of when RH is not in the 30% to 70% range; DCV is in this interval
67% of the time while the reference system is in it 90% of the time. Moreover, the main outcome of
this research is that there is a 1100-1200 kWh energy saving potential that corresponds to 27% for an
airtight dwelling and 14% for standard airtightness [1].

6.2. Experimental Studies about the Effect of Trickle Vents

Kolokotroni, M. et al. conducted an experimental study for 14 days to determine the performance
of Trickle Ventilators in terms of ventilation rate, air velocity, and temperature in two different mock-up
rooms. Office A had single-sided ventilation with a trickle ventilator that has 5000 mm? openable
area. Office B had cross ventilation with a trickle ventilator that has 7000 mm? openable area by using
400 mm? per m? criteria in an office area similar to Office A. Trickle ventilators were shut during the
first week. They were open in the second week. The internal air velocity was tracked using ultrasonic
anemometers at desk height and ankle height in order to measure whether there was potential for air
draughts or not. The air velocity was significantly lower than 0.3 m/s, which is the limit value to not
feel cold draughts in the heating season at both desk height and ankle height (Figure 21) [41].
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Figure 21. Air velocity distribution at desk height (left) and ankle height (right) [41].

Moreover, CO, concentrations were never higher than 1000 ppm while Trickle Vents were open
during the second week (Figure 22). The value of 1000 ppm corresponds to a 5 L/s per person
ventilation rate in an occupied area. On the other hand, Figure 22 clearly shows that the CO,
concentration is increased considerably reaching the corridor level in the case when trickle ventilators
are in the closed position [41].

In spite of the cold outdoor weather and trickle vents being open in the second week, the average
indoor temperature was at close to the same level [41].

The study demonstrates that Trickle Vents with 400 mm? per m? floor area can a supply sufficient
amount of fresh air for an 8 m?2 per person office environment, as well as providing good IAQ. However,
there is a lack of analysis in regards to comparison of single-sided ventilation and cross ventilation in
this research [41].
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Figure 22. CO, distribution—Office A with ventilators closed (left); Office B with ventilators open
(right) [41].

Secondly, since the exterior flap leads to interior pressure variations, simulation of pressure-controlled
background vents is complicated. Therefore, experimental studies are required for such vent types [45].

A monitoring study was conducted in a classroom with 30 students located in East London for
five days in March. The classroom has five coupled upper and lower windows and two trickle vents.
The change in CO, ratio was tracked by using a nondispersive infrared CO, sensor. Trickle Vents were
the only sources of ventilation in the first day. Even though the classroom was not fully occupied all
day long, the average CO; ratio was measured as 1504 ppm, which is slightly higher than the limit
(1500 ppm) specified in the paper (Figure 23). Purge ventilation for 10 min was applied two times on
the Tuesday. The mean concentration of CO; was 1691 ppm, which is higher than the limit (Figure 23).
Moreover, 10 min purge ventilation led to a 1000 ppm decline in the CO; level in the classroom. On
the other hand, the room temperature decreased 3 °C during purge ventilation, which is not good
for thermal comfort. Upper windows were left open throughout the day on Wednesday. This case
caused a thermal comfort problem. Adaptive control by occupants was preferred on Thursday and
Friday. The mean CO, concentrations on Wednesday, Thursday, and Friday were 735 ppm, 691 ppm,
and 1208 ppm, respectively. It can be concluded that Trickle Vents alone are not adequate to satisfy the
ventilation requirement in the classroom according to BB 101 [26,32].
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Figure 23. CO; and occupancy levels (Monday (right), Tuesday (left)) [26].

In order to determine the performance of Trickle Vents, all the vents were shut on Night 1. All the
vents except Trickle Vents were shut during Night 2. This study illustrates that the ventilation rate of
Trickle Vents is 0.75 L/s per person. This rate is not sufficient by itself to satisfy the required ventilation.
Besides this, night cooling leads to additional energy loss in the heating season, although it helps to
diminish the CO, concentration in the classroom [26].

Cornaro et al. carried out a comprehensive monitoring study in eight different classrooms in
Rome. The main target of the study was short-term and long-term CO, concentration and temperature
monitoring of the classes in order to evaluate the ventilation performance of Trickle Vents in the
2009/2010 scholastic year and for four days in February 2010. Trickle Vents were positioned over
shutters as shown in Figure 24. Trickle Vents were controlled by means of an automation system. Trickle
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Vents were closed below 800 ppm and opened in cases exceeding 1000 ppm. There was also one window
behind the hall opening which was left opened consistently. A weather station was constructed in order
to track ambient wind speed, wind direction, temperature, and humidity. Long-term measurements of
the indoors and outdoors were obtained each half hour. Besides this, short-term measurements were
obtained in 1 min intervals in February. Pupils were also used to eliminate extraordinary days in terms
of activities, the number of pupils entering and exiting, and operation of windows [12].

Trickle ventilators

Openingsto the hall -

] ‘\\/

Figure 24. Typical classroom [12].

Ventilation rates were determined with respect to generated CO, by occupants, which is used as
a tracer gas. The constant tracer gas method and decay tracer gas method were used as calculation
methods; these are described in Section 5.2.1 in this paper [12].

The average indoor temperature between 08:00 and 15:00 throughout the 2009-2010 scholastic
year is illustrated in Figure 25. Moreover, 20 °C was not achieved in the major part of the heating
season. This situation demotivates occupants to control windows for air change.
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Figure 25. Average temperature throughout the 2009-2010 scholastic year [12].

Moreover, the average CO; concentration is shown in Figure 26. A limit of 1500 ppm was chosen
for the CO; concentration, as indicated in U.K. standards. The classrooms on the ground floor exceeded
this relatively more often in comparison with classrooms on the first floor due to wind. Besides this,
there is also correlation between CO, concentration and indoor temperature as seen from Figure 27.
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Trickle Vents applied in the southeast benefitted the most and those in the southwest benefitted the

least, considering the wind directions shown in Figure 28.
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Figure 26. Average CO, concentration throughout the 20092010 scholastic year [12].
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Figure 27. Correlation between temperature and CO, concentration [12].
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Probes took measurements in one-minute intervals in short-term monitoring. Since the direction
and velocity of wind vary, the average daily CO, concentration for all classrooms was highest on
16 February and lowest on 19 February. The highest and lowest CO, concentration days clearly indicate
the most and least efficient directions of wind in terms of IAQ.

Even though the effectiveness of Trickle Vents gave good results and considerable consistency
with long-term and short-term evaluations, the questionnaire part of the study, which actually has
big potential, was quite limited. Trickle Vent openings are apparently not adequate for the designed
spaces. Designing Trickle Vent openings with appropriate direction could lead to a more effective
ventilation strategy in the school where study was conducted.

6.3. Survey Studies about the Draught Risk of Trickle Vents

Survey studies conducted by Kolokotroni, M. et al. [41] indicate that there is no cold draught
complaint from cold draughts during the use of only Trickle Ventilators in the heating season. This is
probably largely because of the designing of Trickle Vents to direct incoming air upwards.

Cornaro et al. carried out a daily questionnaire among pupils to get reliable data more easily
during their monitoring study regarding the determination of Trickle Vent ventilation performance.
The daily questionnaire was about student’s entry and exit, control of windows, and occupancy
activities. Sudden changes in CO; concentrations were highly correlated with questionnaires and
measurement results [12]. However, the questionnaire is not given in detail. Besides this, the
involvement of pupils could be more effective.

6.4. Costing

Biler et al. conducted a cost performance study by comparing the initial investment cost with
mechanical ventilation in cases with and without Trickle Vents. The calculated savings were up to 46%
in comparison with the case without Trickle Vents. Moreover, due to taking advantage of night cooling
as well as savings from the reduction of mechanical ventilation capacity, there were also additional
annual electricity cost savings of around $140,000 in an office building with 33 floors in Istanbul [4].

However, the study by Griffiths, M. and Eftekhari, M. indicates that a reduction of background
ventilation in winter night scenarios leads to 635 kWh annual savings, which equals to £1000 per
year. [26].

Literature review analysis shows that there has been no significant cost study in this field.

7. Summary and Conclusions

A literature review on Trickle Vents was conducted and concluded from the aspects of performance
parameters, control strategies, positioning, etc., aiming to produce a comprehensive overview of
this technology.

The main performance concerns of Trickle Vents are the ventilation rate, thermal insulation,
acoustic resistance, water tightness, and air permeability. Burglar-proof performance is desired in
some cases. Nineteen different Trickle Vents are reviewed from some of the performance aspects in
this paper. The research indicates that ventilation performance is between 21 m3/h and 242 m3/h
under 10 Pa pressure difference, thermal transmittance is between 2.1 W/ m? K and 2.8 W/m? K,
and acoustic resistance is between 27 dB and 40 dB in the open position and 33 dB—49 dB in the closed
position for the reviewed products on the market. Furthermore, air permeability is between 0.6 m>/h
and 15.5 m3/h under a 50 Pa pressure difference, and water tightness is between 50 Pa and 450 Pa
in the open position and 300 Pa—650 Pa in the closed position for the related Trickle Vents. Since
ultimate performance from one aspect leads to sacrifice in another performance criterion, an effective
optimization study should be conducted by considering needs during the design phase.

The control strategy of Trickle Vents can affect their contribution to energy performance and
thermal comfort in buildings significantly. This literature review study reveals that the major
control strategy for Trickle Vents is based on the CO, concentration. The performance might also be



Buildings 2018, 8, 152 36 of 41

investigated by considering other IAQ parameters such as relative humidity, NO,, etc. Even though
there are relative-humidity-based control studies, there are no significant conducted studies simply of
Trickle Vents controlled by the use of other control strategies to ensure IAQ or energy efficiency.
Trickle Vents alone are not adequate to satisfy ventilation requirements in school buildings.
Besides this, some implications from various researchers in terms of energy performance are as follows:

- A heating load decrease between 40% and 95% in DCPV in comparison with PSV in
Plymouth conditions.

- DCYV results in energy savings of 27% in comparison with an air-tight standard Belgian dwelling.

- Night cooling in the heating period leads to additional heat loss.

Energy-related results indicate that type of the climate and the control method significantly
influence the amount of savings.

Most Trickle Vents are applied to tops of windows 1.7 m from the ground. Even though this
inhibits cold draught risk and contributes to thermal comfort, it might prevent the psychological effect
of fresh air inside. There is a lack of studies on Trickle Vents positioned differently from this.

Annual wind direction and wind speed profile have a significant effect on ventilation performance
and thermal comfort during the positioning of Trickle Vents. However, this parameter is not taken
into consideration in most of the studies. Besides this, an unachieved thermal comfort temperature
demotivates occupants to control Trickle Vents and other related ventilation devices. This situation
causes poor IAQ.

There is no comprehensive CFD study which evaluates Trickle Vents from the aspects of thermal
performance, air flow rate, and other related parameters. However, CFD has big potential to improve
performance during the initial design phase. Moreover, there has been no significant CFD study to
determine the performance of Trickle Vents themselves.

Trickle Vent performance with a heat exchanger would be a new and exciting upcoming topic.
Even though there are some patent applications in this subject and available products in the market,
there is no available published study in the literature.

Despite the whistling noise assessment commonly requested in reputable project specifications,
there is no significant scientific study either in Trickle Vents or on natural ventilation devices in general.

Since an exterior flap leads to interior pressure variations, simulation of pressure-controlled
background vents is quite complicated. Therefore, experimental studies are required for such Trickle
Vent types. In addition to this, experimental studies are required in demand-controlled Trickle
Vent applications.

Another gap in the literature is that there is no remarkable cost analysis, even though cost analysis
is one of the major parameters used to prove the applicability of this system.
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