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Abstract: The article is focused on the airflow in a ventilation system in a building. The work
examines the methods which enhance the chimney effect. In this paper, three cases with different
chimneys were analyzed for the full-scale experiment. These cases were characterized by different
geometrical and material parameters, leading to differences in the intensity of the ventilation airflow.
The common denominator of the cases was the room with the air inlet and outlet to the ventilation
system. The differences between the experimental cases concerned the chimney canal itself, and more
precisely its part protruding above the roof slope. The first experimental case concerned a ventilation
canal made in a traditional way, from solid ceramic brick. The second experimental case concerned
the part that led out above the roof slope with a transparent barrier, called a solar chimney. In the
third experimental case, a rotary type of chimney cap was installed on the chimney to improve the
efficiency of stack ventilation. All these cases were used to determine the performance of natural
ventilation—Air Change per Hour (CH). Additionally, the paper presents a technical and economic
comparison of the solutions used.

Keywords: stack ventilation; ACH; energy efficiency; solar chimney; chimney cap

1. Introduction

Natural ventilation (NV) is the cheapest strategy for distributing fresh air inside
a building. It is still the most popular system found in Poland and other Central and
Eastern European countries. Natural ventilation is driven by two physical phenomena,
wind [1] and buoyancy (stack effect) caused by the temperature difference between indoor
and outdoor air temperatures [2]. However, Gladyszewska et al. [3] showed that the
NV is mainly affected by wind direction and velocity. The most popular type of natural
ventilation used in countries with a cold climate is gravity ventilation, also known as stack
ventilation. This type of natural ventilation is analyzed in this paper.

Stack ventilation should work when one or all the natural forces are available. Unfor-
tunately, the two main drivers causing stack ventilation flows are stochastic; therefore, stack
ventilation may be difficult to control and predict, as well as analyze and design. Other
disadvantages of stack ventilation are the reduced control of air distribution within the
building and the lack of its effectiveness in summer conditions with minimal wind. Despite
the difficulty in control, stack ventilation is still relied upon to meet the need for fresh air
in many buildings. The study [4] shows that stack ventilation has become a new trend in
building design in the architectural community. Furthermore, stack ventilation has been
used in many types of buildings, even in highly controlled indoor climate hospitals [5].

According to the standard [6], stack ventilation may cease to function properly if the
outside air temperature T, exceeds 12 °C or when we talk about the so-called wind silence
or the so-called light wind, which has been checked on the basis of previous own research
by Antczak-Jarzabska R., Niedostatkiewicz M. [7]. To find out the number of days with
unfavorable climatic conditions, the number of hours in a calendar year was checked based
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on a typical Meteorological Year, during which it is highly probable that gravity ventilation
will not work. The following assumptions were made for the analysis:

e  Outdoor air temperature of 12 °C < T < 20 °C—assumed value of 20 °C as the upper
criterion, because above this temperature it was assumed that there are warm days
and it is possible to ventilate the rooms.

e  Wind velocity Vyng = 0-5m/s.

Data from a Typical Meteorological Year for the city of Elblag was used for the analysis.
Elblag, due to its location, is not exposed to frequent gusts of wind, as are the cities located
on the coast. For the city of Elblag, continuous measurements of the external climate for
30 years were made. The Typical Meteorological Year [8] contains averaged hourly data
compiled according to the ISO methodology [9]. In Figure 1, the external temperature
range, during which gravity ventilation ceases to be efficient, is marked in black dots. On
the other hand, the red dots show the wind velocity, which may be too low to maintain the
efficiency of gravity ventilation at the desired level. The analysis shows (Figure 1) that in a
year there are over 5500 h during which at least one mechanism occursand the movement
of the ventilation air does not work. This is as much as 60% of the entire calendar year.
On the other hand, if the mechanisms causing the movement of the ventilation air do not
work at all (according to assumptions: 1. Outside air temperature 12 °C < T, <20 °C and
2. Wind velocity Vying = 0-5 m/s), we obtain 2200 h of occurrence problems with gravity
ventilation, which accounts for about 26% of the entire calendar year.
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Figure 1. Outside air temperature and wind velocity determined for the city of Elblag based on data from TMR.

The quality of stack ventilation is usually determined by the performance indicator
of the ventilation system—air change rate (ACH). The ACH measures how quickly the
air in the interior space is beingreplaced by air coming from the outside [10]. Ventilation
performance indicator’s roleis to provide information concerning indoor air parameters in
a room or a building.

ACH () = V(t) * 3600 1)
Vr

where:

ACH(t)—stack ventilation times (ventilation efficiency), h=1;

V(t)—the amount of air leaving the ventilation system, m3/s;

Vyr—cubature of a ventilated room, m3.
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The process of air exchange during the measurement was adopted as a value inde-
pendent of time. Therefore, the amount of air leaving the ventilation system V(t) and the
stack ventilation times ACH(t) are assumed as constant values V and ACH. The following
simplifications have been introduced to determine the stack ventilation multiplicity, which
is to show the ventilation efficiency:

The air during measurements is thoroughly mixed;
There are no gradients inside the room, meaning the air concentration is the same in
the entire ventilation system.

Information about realistic climate data of the local climate conditions is important,
but usually not provided. In general terms, there are two different approaches to describe
the climate data: Local Climate Station (LCS) and Typical Meteorological Year (TMY).
In engineering, it is uncommon to consider the Local Climate Station (LCS). As we can
see in the study [11], the most common practice is to use climate data from the TMY.
However, [11] while based on climate data from the TMY, such values are usually slightly
overestimated.

In this paper, to determine the influence of passive energy on the stack ventilation
system, in situ tests were carried out for a typical residential building located in Gdarnsk.
The research was conducted in the summer and autumn periods from August to November.
A single-family building was used for the research. The core of the research was to
experimentally check the ACH value for the solution to improve the chimney effect in stack
ventilation. In this case, two different ways to reinforce the chimney effect were used: the
solar chimney and chimney cap. Therefore, a room with an air inlet and an outlet to the
ventilation system was separated from the building. These limitations made it possible to
obtain results mainly dependent on the external climate. During the experimental research,
external climate research was carried out as well, based on its own climatic station in the
vicinity of the building.

The research was divided into three types. TYPE I consisted ofa test for the ventilation
airflow in a traditional ventilation system, i.e., a room + ventilation duct made of solid
ceramic brick. TYPE II consisted of enclosing a part of the chimney led out above the roof
surface with a transparent wall. However, in TYPE 11, a rotary-type chimney cap was
used, which was installed on the traditional chimney described in TYPE I. During the
research, the location of sensors was constant for the sensors inside the system and for the
climate base.

2. Test House

The test building wasa two-store, two-apartment residential house located in Gdansk
(northern Poland), a region of cold climate. The apartment, with a floor area of approx-
imately 50 m?, was selected for the measurement campaign (Figure 2a). The apartment
was located on the first floor and consisted of a bathroom, bedroom, kitchen, living room
and corridor. To simplify the ventilation system configuration, the bathroom, bedroomand
corridor were excluded from the measurement space and isolated from the rest of the
apartment (Figure 2b). The indoor test space was limited to the kitchen. The test apartment
was inhabited during the measurement campaign. The residents” activities were registered
mainly in the morning and in the evening (after 5:00 p.m.). The test house was a heavy-
weight building. The floor slabs were made of concrete. Stone materials are used for both
sides of the cavity walls. The building was erected in the 1950s and thermally renovated in
2012. Table 1 provides the U-values overview of the main structural components.
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Figure 2. The residential family test house: (a) vertical section and (b) cross-section of the first floor.

Table 1. Overview of construction details for the base case building from 2012.

Element Details U-Value
Cavity wall with (inside to outside): limestone inner 2
External wall layer, thermal insulation, brick outer layer 0.18 W/(m"K)
Door Wood 1.10 W/(m?2K)
Windows Double panel glazing 0.90 W/ (m?K)

The test apartment was equipped with astack ventilation system in configuration with
air inlets and chimneys ducts. Air inlets are small appliances mounted in the casement or
window frame, which enablecontrol of the fresh air inflow to the room. They were invented
and introduced in the 1960s in Scandinavian countries [12]. In Poland, this type of inlet
gap (Figure 3a) is obligatory in the case of usage of stack ventilation in configuration with
multi-chimneys ducts. The air inlet into the chimney duct was equipped with a controllable
vent grill, which was located 0.15 m below the room ceiling. The measurement system
was limited to the kitchen (Figure 2b) with a usable area of 15.75 m? and an air volume of
40.95 m3. The configuration with one air inlet (rectangular inlet gap in a window frame)
and one air outlet (a chimney duct in the kitchen) allowed forthe reduction of the unknown
parameters influencing the air exchange process. The used air was removed through a
vent with dimensions of 0.14 x 0.14 m (Figure 3b). During the measurement timeperiod,
all windows were closed. The doors inside the test apartment were closed during the
nighttime and during the residents” worktime.
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Figure 3. Inlet gap (a) and outlet vent (b) in research.

In the test room, there was a single-chamber PVC window with dimensions: 4/16/4 [mm)].
The room had two doors, each leading to a heated room. While the residents were not present,
the door was tightly closed. The chimney was made withtraditional technology, with full
ceramic brick. This is a description of TYPE I (Figure 4). The chimney protruded above the
roof slope to a height of 1.04 m. The building wall was made of solid ceramic bricks with a
total thickness of 0.38 m. Partition walls weremade of solid ceramic bricks, 0.12 m thick.

1.04 m

546m
46m

Figure 4. Test room and stack ventilation system, TYPE I.

In TYPE I, parts of the chimney protruding above the roof surface were enclosed with
a transparent wall (float glass) with an air gap thickness of 0.04 m (Figure 5a). Glass with
a thickness of 5 mm was used for the housing. In TYPE II, the remaining elements of the
ventilation system did not change. The material and thermal parameters of the partitions
in the ventilation system are presented in Table 2.

@) (b)

Figure 5. Test room and stack ventilation system, (a) TYPE II, (b) TYPE IIL
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Table 2. The material and thermal parameters of the partitions in the ventilation system.

Element Thickness Thermal Conductivity Emissivity
d [m] A [W/mK] [12] el[—I
Window joinery 0.024 14 0.95
External wall 0.38 0.77 0.84
Chimney wall 0.12 0.77 0.84
Glass wall 0.005 6 0.95
Air gap 0.04 0.025 -

In TYPE 11, a rotary-type chimney cap was used, which was mounted on the tradi-
tional chimney described in TYPE I (Figure 5b). The chimney cap was the second way to
improve gravity ventilation in an experimental study.

3. Measurement Setup and Equipment

The measurement system was designed for the constant monitoring of indoor climate
conditions, ambient climate conditions and airflow velocity in vent inlets and outlets. It
included sensors, port data acquisition modules, a network switch and a PC computer
(Figure 6). All sensors were wired directly to the data acquisition modules which regis-
tered the measured data, which in turn were connected to the PC computer via a 16-port
Ethernet Switch. The measurement data management software LBX 2012 of LAB-EL [13]
was installed on aPC computer. The data collected in the module data acquisition was
automatically transferred to the SQL database located on a PC computer. The sensors and
the data acquisition modules worked in a real-time mode, while the data management
software was synchronized with the data acquisition module at each probe time step.
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Figure 6. The measurement system in the test building.
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The test apartment was divided into rooms with lightweight internal walls. The door
between the rooms was open. Air velocity and temperature were registered in the vent
inlet (V1 and T1) and outlet (V3 and T3). In the indoor zone, indoor climate conditions
were monitored and measured. Air temperature (T2) was measured in the kitchen. The
barometric pressure was registered in the kitchen (P2). All sensors were located in the
rooms at the height of 1.6 m from the floor level. Thus, proper information about realistic
climate data of the local climate conditions is important [14]. A Local Climate Station was
built (WDPTI6);the climate station measured wind velocity W [m/s], wind direction WD
[°], pressure P [Pa], relative humidity H [%] and temperature of the ambient air Ty, [°C]
as well as solar radiation Iy, [W/m?].

To perform the measurements, components of the LAB-EL products line [13] were
used. At the climate station, the omnidirectional wind anemometer LB-747 with the
measurement range of 0.5 m/s to 90 m/s and accuracy of 2% was used. The omnidirectional
wind anemometer LB-747 of the climate station was located on the roof of the building at
the height of 9.69 m above the ground level and 2.05 m above the roof ridge. The barometric
pressure was measured with LB-716, which worked in the absolute pressure mode within
the range of 2-200 kPa and accuracy of 0.5 kPa. Temperature and relative humidity were
measured with the thermo-hygrometer LB-710R. Its temperature range was —40-85 °C
with the accuracy of £0.1 °C and its relative humidity range was 99% with the accuracy
of £2.0%. In the study, the visible radiation sensor type LB-901 (LITE2—Kipp&Zonen -
The Netherlands) was used, with the measurement range of 0 W/m? to 2000 W/m? and
an accuracy of 5%. In the indoor zones, barometric pressure was measured with LB-750,
which worked in the absolute pressure mode within the range of 0.1-120 kPa and accuracy
of £0.1 kPa. The CO2concentration was measured with LB-854 sensors. They measured the
range of the CO2concentration from 0-10,000 ppm (accuracy +5%) and of the temperature
from —15-100 °C (accuracy +0.2 °C). Air velocity and temperature were registered in
the vent inlet and outlet. Due to complex airflow characteristics in the vent inlet (long
rectangular shape) and potential flow direction changes, the air velocity measurement was
difficult. In this measurement campaign, the thermo-anemometers LB-801A and LB-801C
were installed in a double-sensor configuration. Both thermo-anemometers were based
on a hot-wire concept. The first thermo-anemometer LB-801A worked in an analog mode
and measured low velocity. The sensor could measure the indoor convection air velocity
between 0.05-10 m/s with the accuracy of £0.05 m/s. The second thermo-anemometer
LB-801C worked in a digital mode and was used to detect airflow direction. The airflow
direction detection function was designed by a modification of the LB-801C sensor. The
sensor was modified by closing its airflow channel from one side and re-calibrating its
characteristics for two opposite flow directions. The new characteristics were recorded in
its EEPROM memory. Both sensors were installed as an integrated measurement point.
The measurement data management software LBX 2012 registered the flow direction and
air velocity. All sensors were calibrated by the LAB-EL Laboratory in Poland before
their installation and commissioning. The sensors were confirmed by means of suitable
calibration certificates. Before the start of the measurements, there were several days of
testing. The sensors used in the experiment are presented in Table 3.
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Table 3. The sensors used during in experiment.

LB-801 LB-716 LB-710R LB-747 LB-901

4. Climate Conditions

The research was conducted from 24 August to 19 November. To present the results
more clearly, the measurements carried out with the frequency of 60 s were converted into
the average value expressed in hours. Therefore, the graphs show the measurement results
from 1 to 2088 h. The measurement of the outside air temperature showed that during the
tests, the maximum outside temperature reached the value of 32.8 °C, while the minimum
temperature was —0.4 °C (Figure 7). The mean value of the outside air temperature during
the tests was 11.4 °C.

350

Outside air temperature [°(7]

1 261 522 783 1044 1305 1566 1827 2088
Time [h]

Figure 7. Outside air temperature.
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Measurement of the wind velocity around the test building showed that weak winds
prevailed during the tests, as the average wind velocity did not exceed 0.8 m/s. The
maximum velocity during the measurements was 6.4 m/s and the minimum velocity was
0 m/s (Figure 8a). In the area of the test building, the dominant wind direction was north N
(58%). A detailed wind rose with an average percentage of wind direction for the measured
value is shown in (Figure 8b).
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Figure 8. Information about wind: (a) wind velocity, (b) wind direction.

As the research was carried out from August to November, most of the measured
radiation intensity during the day exceeded the value of 100 [W/m?]. The measured
intensity of solar radiation presented in (Figure 9) refers to the value of total solar radiation
on the horizontal surface. Based on the measured values of solar radiation intensity from
the NR LITE2 m (Kipp&Zonen), total solar radiation intensity Ic was obtained [15,16].

700
— 6]
600
500

400

300

200

Total solar radiation [W/m?]

100 m 1

Hl HI.H\.... JULPLAL TR LR

1 261 522 783 1044 1305 1566 1827 2088
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Figure 9. Total solar radiation during the experiment.
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There is uncontrolled and unintentional airflow in buildings due to wind and density
differences. This phenomenon is called air infiltration. Infiltration occurs in window gaps
and microcracks in the building envelope. The airflow through windows, openings and
gaps in the building envelope is the result of the sum of the pressure drops due to the
wind and the temperature difference at the point of flow. In an isolated ventilation system,
based on experimental tests, the value of uncontrolled airflow caused by infiltration was
checked. To describe the infiltration, we need to know air density in the building test. So,
during the experimental tests, the ventilation air density in the analyzed room was checked
(Figure 10).
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Figure 10. Air density in the analyzed building.

The average value of the ventilation air density in the analyzed room was 1.191 [kg/m?3].
Knowing the measurement of air velocity at the inlet to the room and at the outlet from the
ventilation duct, we can determine the amount of infiltration air based on the mass balance.
The general equations governing the mass conservation in each zone can be written as
follows:

dp;V
th = Pinlet (Aeff inlet Uinlet) + Qoutlet (Aeff outlet uoutlet) + Preak1eak = 0 ()

where % is the air density change of the indoor air during the time step dt, p;,; is the
air density in the inlet gap, Acf intet Uiniet is the volumetric flow rate in the inlet, oyt is
the air density of indoor airflow in the outlet, Acrf outier Uoutler is the volumetric flow rate
in the outlet, pj. is the air density of leakage and gj,, is the flow rate of leakage. In the
study, it is assumed that V is constant and equal to the total volume of the test apartment
which is 40.95 m3. In the opposite of the stack ventilation, the infiltration rate refers to the
air change rate through unintentional leakage areas of the building envelope when doors
and windows are closed. As the types of cracks in a specific building are not known, air
leakage is difficult to estimate. In order to estimate the leakage flow rate, measured volume
was used to detect it: the time-average flow rate in the air outlet (A, ff outler U,uirer) and the
time-average flow rate in the air inlet (A, s jnet Uinier) (Figure 11).



Appl. Sci. 2021, 11, 9185

11 of 22

40 |

35 |

Volumnetric anflow (Is)

Day-time Night-time
Figure 11. Time-variation of leakage flow rate in test apartment.

The analysis shows that the maximum value of infiltration is 0.035 (m3/s), which
corresponds to the maximum multiplication of air changes ACH from infiltration equal to
2.05 [1/h]. The average value of infiltration is 0.008 (m3/s). However, the mean ACH value
since infiltration did not exceed 0.44 [1/h]. Research by Shi et al. [10] has shown that the
amount of infiltration is strongly dependent on the age of the building. In their research,
the authors analyzed buildings built before 1990 and concluded that the amount of ACH
caused by infiltration may range from 0.06 to 0.82 [1/h]. The test building where the
research was conducted, which was built before 1990 and underwent partial modernization
in 2012, has a low ACH value from infiltration. The obtained ACH value from infiltration
is related to the isolation of the ventilation system in the form of a room + duct from the
entire building. The low ACH value also proves good isolation of this system. Since in this
case, the infiltration ACH value will not have a large influence on the ventilation ACH, this
value is omitted later in the paper.

During the experimental tests, the direction of the ventilation airflow was measured in
an isolated system. The test consisted in placing two thermoanemometers in a ventilation
grill. During the measurements, one of the sensors was shielded from the side of the
ventilation grill in order to check whether the ventilation sequence was reversed during
the measurements. In Figure 12, which shows the course of the variability of the air
temperature inside the room, the temperature measured at the vent with two sensors was
very similar. A difference of 1 °C was observed, which proves that there is no reverse draft
of ventilation air in the system.
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N T3+ Correct direction of the ventilation air flow

. 13- Opposite direction of the ventilation air flow
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Figure 12. Air temperature measured in the vent.

5. Measurements of Gravity Ventilation Efficiency (ACH)

The experimental research was aimed at determining the efficiency of gravity ventila-
tion (ACH) in transient conditions, i.e., in conditions where the temperature of the outside
air is too high to cause air movement in the system by natural convection, and when the
wind velocity is too weak to convection forced air movement in the ventilation system.

Based on the conducted experimental studies, the efficiency of gravity ventilation
(ACH) for TYPE I was estimated for two different conditions of the external climate. The
ACH efficiency was measured for the time interval in which the dominant air exchange
mechanism in the ventilation system was wind—in the first approach, and the intensity
of sunlight—in the second approach. The measured ACH performance allowed us to
compare the results with type II and type IIL

In the measurement of ACH when the dominant mechanism was wind, for the
purposes of the analysis, the following assumptions were made:According to [6], stack
ventilation may not work properly if the outside air temperature exceeds 12 °C.

Based on previous research [17], it was noticed that when the wind velocity remained
within the range of 0-3 m/s, that is, when we talk about wind silence or so-called light wind,
it does not contribute to the movement of ventilation air in the rooms. The analysis of the
efficiency of gravity ventilation was extended by the wind velocity range from 2 to 5 m/s.
The intensity of solar radiation did not exceed the value of 50 W/m?.

The evaluation of the operation of the stack ventilation system was made based on
continuous measurements. Measurements for the traditional system were carried out from
August to September. The sensor recording the airflow in the duct was placed at the duct
outlet. To determine ACH, the ventilation air velocity at the outlet from the duct was
assumed. The average value of the ventilation air velocity at the outlet from the V5 was
0.59 m/s. The maximum value of the air velocity was 1.79 m/s and it corresponded to
the maximum value of ACH = 2.03 1/h. On the other hand, the minimum value of the air
velocity was V = 0.05 m/s and corresponded to the minimum value of ACH =0.09 1/h
(Figure 13). The average value of the gravity ventilation efficiency for a traditional chimney
is 0.67 1/h.
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Figure 13. Gravity ventilation efficiency—chimney TYPE I. ACH measurement when the dominant mechanism forcing the
ventilation air movement was wind.

For the ACH measurement when solar radiation intensity was the dominant air
exchange mechanism in the ventilation system, the following assumptions were made:

Outside air temperature above 12 °C.
The wind velocity range from 0 to 2 m/s was adopted for the analysis.
e  The intensity of solar radiation is above 100 W/ m?2.

The average value of the ventilation air velocity at the outlet from the V5 was 0.48 m/s.
The maximum value of the air velocity was V = 1.47 m/s and it corresponded to the
maximum value of ACH =1.67 1/h. On the other hand, the minimum value of air velocity
was V =0.02 m/s and corresponded to the minimum value of ACH = 0.02 1/h (Figure 14).
The average value of the gravity ventilation efficiency for a traditional chimney was
0.611/h.

Air change per hour (1/h)

Measurement time from August to September for
TYPE |

Figure 14. Gravity ventilationefficiency—chimney TYPE I. ACH measurement when the dominant mechanism was the
solar radiation.
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5.1. ACH Measured for TYPE II—Solar Chimney
For the purposes of the analysis, the following assumptions were made:

Outside air temperature above 12 °C.
The wind velocity range from 0 to 2 m/s was adopted for the analysis.
e The intensity of solar radiation is above 100 W/m?.

The average value of the ventilation air velocity at the outlet from the V5 duct was
0.56 m/s. The maximum value of the air velocity was V = 1.79 m/s and it corresponded
to the maximum value of ACH = 2.03 1/h. On the other hand, the minimum value of air
velocity was V = 0.01 m/s and corresponded to the minimum value of ACH=0.011/h
(Figure 15). The average value of the gravitational ventilation capacity for the solar chimney
is 0.711/h.

Measurement time from September to October
TYPE Il - solar chimney

Figure 15. Gravity ventilation efficiency—solar chimney TYPE II.

5.2. ACH Measured for TYPE III—Chimney Cap

Stack ventilation works best when the temperature outside is much lower than in
the building [18], if it is close to the temperatureinside, the draft force in the ventilation
ducts becomes too low to effectively remove air from the rooms [19]. The spring-autumn
transition period is the worst in terms of stack ventilation efficiency [17]. To improve the
technical efficiency, understood as efficiency, of stack ventilation, among others, chimney
caps are used. They are designed to improve the chimney effect. The research [20] shows
that in the period of negative temperatures, the efficiency of gravitational ventilation is at a
satisfactory level. However, based on research [17], it is known that during the occurrence
of wind, gravitational ventilation and more precisely the rate of air changes, is three times
higher than in the case of windless weather. For the purposes of the analysis, the following
assumptions were made:

e  Outside 