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ABSTRACT

During the COVID-19 pandemic, besides sanitising, masking, and increasing social distancing, opening classroom
windows was the NZ Ministry of Education's main requirement for reopening schools. However, a pre-COVID-
19 survey showed that only a third of the NZ teachers opened windows during teaching time. Achieving a suitable
ventilation level could not rely on humans to open windows. Heating, Ventilation, and Air Conditioning (HVAC)
systems are not affordable for most NZ schools. Consequently, an alternative and affordable ventilation method
that could be retrofitted is needed to increase the airflow rate. In this project, we investigated the benefit of using
trickle ventilators with connection (or not) to extraction fans in three NZ locations (Auckland, Wellington and
Dunedin). The computational fluid dynamic (CFD) approach allowed us to test different scenarios for ventilation
performances, such as single-sided trickle ventilators versus cross-ventilation scenarios, modelling with or without
extractor fans. We carried out an aeraulic simulation of the airflows to visualise the trajectory of the flows and
check the air velocity and temperature in the classroom volume where the students are located. The results for the
Wellington case study (no extractor fan used) showed a suitable airflow rate in summer when the trickle ventilators
were fully open. However, the trickle ventilators' effective area was reduced in winter, and insufficient air entered
the classroom. In addition, despite good air mixing assisted by the inverter heat pump use in winter, there were
still a few areas where the air was not well-mixed. These areas experiencing a lower mixing rate could create some
“CO; pockets”, reducing the extraction of pollutants or viruses. Acknowledging COVID-19 and its lasting impacts
on NZ schools and families, we must better prepare for future learning disruptions. By investigating different cases
simulated by CFD software, we compared different scenarios to improve ventilation performance in the classroom.
Following the CFD project, we plan to deploy some sensors to monitor the temperature, relative humidity and CO,
in Auckland, Wellington and Dunedin classrooms and validate our modelling findings. This study will assist the
NZ Ministry of Education retrofit classrooms for a healthy environment.
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1 INTRODUCTION

Children spend the second largest proportion of their time at school. Half of the school stock in
New Zealand (NZ) was built before 1970, and nearly all classrooms depend entirely on natural
ventilation via open windows. This dependence on occupants for airing does not always
guarantee an adequate ventilation rate. Surveys showed that only 30% of NZ teachers open
windows during teaching time (Gully, 2015; Liaw, 2015; Boulic, 2019). In addition, classrooms
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have a higher density of occupants than most other building types. Due to the high density of
occupants and reliance on natural ventilation, providing an acceptable ventilation rate during
the winter in the school environment could be challenging.

A lack of ventilation will increase pollutants and moisture levels in the classroom (Sadrizadeh,
2022). It is also well established that a poorly ventilated classroom will favour the transmission
of viruses like SARS-CoV-2, even if social distancing is respected (Correiaxc, 2020; Dai,
2020). The literature shows some associations between moderate levels of heat stress and CO:2
in classrooms and children's cognitive performance (Palacios Temprano, 2020).

As NZ teachers seldom open windows, there is a need to find an alternative solution to assist
them in airing in the classrooms. Smart ventilation could assist in providing more ventilation in
the classroom when needed (Guyot 2018). In a previous study, we tested trickle ventilators
connected to extraction fans in an Australian apartment. The results showed trickle ventilators
connected to an extraction fan (continuous extraction) could be a classroom ventilation option
(Boulic, 2023).

Our approach will use Computational Fluid Dynamics (CFD) to evaluate three ventilation
configurations for winter and summer across three NZ locations. We will first test the
performance of cross ventilation (airflow enters the classroom through the trickle ventilators)
with no extractor fan. The results from this first configuration are presented in this paper. Our
second and third tests will evaluate the ventilation performance under a continuous extraction
regime (8 litres per second per child, NZS 4303:1990) with the air entering the classroom either
from one or both sides. Our study aims to investigate the airflow velocity, temperature
distribution and ventilation efficiency in winter and summer seasons.

2 MATERIALS AND METHODS
2.1 Description of the classroom and ventilation strategies

Case study locations

The rationale for selecting these three locations (Auckland, Wellington and Dunedin) is the
large temperature and wind gradients across the three NZ cities. Auckland is exposed to a
subtropical climate with warm, humid summers and mild winters (Chappell, 2013). Wellington
region experiences stronger winds than other parts of New Zealand (Chappell, 2014). Dunedin,
located in the southern part of the South Island, is characterised by cool coastal breezes (Macara
2015). Figure 1 shows the locations of these three cities (Auckland, Wellington and Dunedin).
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Figure 1: Location of the three cities (Auckland, Wellington and Dunedin) selected for the modelling
Modelled classroom building
Figure 2 shows the 3D model of the two-classroom building imported into the CFD program.
This 160.4 m? floor building comprises two identical classrooms of 80.2 m? each (11.3 mx 7.1
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m), an average area for NZ primary schools (MOE, 2024). The building has a mono-pitch
skillion roof (ceiling height between 2.7 m and 3.5 m) and is made of Metra Wall™ (panels
constructed from NZ pine wood fibre and resin with a 640 kg/m? density, BRANZ, 2021). A
NZ building company (Builtsmart, Huntly, NZ) uses this plan to deliver prefabricated
classrooms to the NZ Ministry of Education.

Figure 2 shows that the building comprises two identical classrooms side by side (mirror). This
design allowed us to run two CFD simulations (summer and winter) simultaneously, display
the differences on the same graph, and explore more case studies in a shorter time due to the
high computing needs to conduct CFD simulations. The classroom furniture is distributed as in
a typical NZ classroom. Each classroom has five tables with five students (25 total). The NZ
median class size is 25 students (PPTA, 2024). The building faces the north (south hemisphere)
for optimal solar gain during the school day (9 am — 3 pm). Each classroom has four windows
(thermally broken aluminium frame and double glazed, Uw = 2.0 W/m?.K) and one door.

Figure 2: The 3D model of the two-classroom building imported into the CFD program (left) and the trickle
ventilator (APL Ventient SCW-SH1500) installed vertically on the classroom windows (right).

Ventilation system

The original classroom relies on occupants to open windows for airing. In our study, we
installed three vertical trickle ventilators (Figure 2, right) on each of the four windows (one
trickle ventilator on each jamb and one on the mullion), making twelve trickle ventilators per
classroom. All twelve trickle ventilators are the same size (1500 mm by 55 mm with a 64.4 cm?
effective open area when fully open). The trickle ventilator incorporates a passive wind
dampener to manage water ingress and draughts associated with high wind gusts and a filter for
coarse particles. The trickle ventilator has an acoustic treatment to mitigate the effects of outside
noise. Discussions with a few NZ teachers reported that outside noise was a significant factor
that prevented teachers from opening windows during teaching (Tookey L, 2024, personal
communication). This trickle ventilator includes a shape memory alloy adapting the opening to
external temperature (fully open above 18°C and one-third open under 12°C external
temperature). A fan extractor will be installed on the classroom ceiling to assist with ventilation
and test the impact of continuous ventilation on COz levels. The fan flow rate (749 m’/h)
follows the NZS 4303:1990 minimum requirements of 8 litres per second per child/teacher,
assuming 25 children and one teacher per classroom. This fan is rated 42dB(A) at 3 m and suits
the learning environment. The air will enter the classroom via the trickle ventilators and be
extracted via the ceiling fan extractor. As there are twelve trickle ventilators per classroom, we
assumed each ventilator would have a mean airflow of 17.3 L/s (equivalent to 62.4 m*/h).
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2.2 Conceptual framework

Figure 3 shows our two-step process. The first step, the "Wind Model", defines the velocity
range on the input face of the trickle ventilators for the main wind direction. The "Wind Model"
results will be implemented in the second step, the "Classroom Model". The velocity profile
obtained in the "Wind Model" will be combined with the "Fan Q/P equation" to define the
airflow behaviour in the classroom. The "Wind Model" is a steady-state model, while the
"Classroom Model" will be a transient model simulated over 90 minutes (average teaching
period at the primary school level).
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Figure 3: Conceptual framework of the CFD simulations

2.3 Wind boundary conditions

We implemented the wind data (meteorological station data measured at 10 m high) in the
“Wind Model” for the three selected locations (Grey Lynn for Auckland, Wellington
Airport/Lyall Bay for Wellington, and Forbury for Dunedin). Figure 4 shows the monthly wind
direction in Auckland (top), Wellington (middle) and Dunedin (bottom). For Auckland, the
January 2014 - March 2024 data was averaged. For Wellington, the June 2004 - March 2024
data was averaged. For Dunedin, the January 2014 to March 2024 data was averaged. We
selected one month in summer (January) and one month in winter (July) in NZ (south
hemisphere) for our CFD simulations.

JAN FEB MAR APR MAY JUN JuL AUG SEP ocT NOV DEC
A - - 4 Y Y b N = P > P
E E N B 0w o wNw W W WSW
JAN FEB MAR APR MAY JUN JUL AUG SEP oCcT NOV DEC
v v A4 A\ Y v Y v Y Y v v
N N N N N N N N N N N N
JAN FEB MAR APR MAY JUN JUuL AUG SEP ocT NOV DEC
Y v < a - a A 4 | A Y Y
N N NNW WNW w WNW WNW NW NNW WHNW NNW N

Figure 4: Dominant wind direction in Auckland Grey Lynn (top), Wellington Lyall Bay (middle) and Dunedin St
Clair/Forbury Park (bottom) (Source Windfinder.com)

In Auckland, the wind predominates from the South/South-West during January (summer) and
the West during July (winter). In Wellington, the wind predominates from the North during
January (summer) and North during July (winter). In Dunedin, the wind predominates from the
North during January (summer) and the West/North-West in July (winter).

Table 1 presents the averaged wind velocity and temperatures over the summer and winter. The
wind velocity is twice as high for Wellington than Auckland and Dunedin for winter. In a
subtropical climate, Auckland experiences higher temperatures than Wellington and Dunedin.

In winter, Dunedin, located in the southern part of the South Island, is characterised by cool
coastal breezes. These three cities show a significant gradient of temperature and wind that
should cover most NZ locations.
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Table 1: Average wind speed (m/s) and temperatures for Auckland, Wellington and Dunedin in summer and

winter (Source: Windfinder.com and Weatherspark.com)

S Auckland Wellington Dunedin
€ason | Grey Lynn) | (Airport) | (Forbury)
S 3.6 6 6
Average wind speed ummer
/
(m/s) Winter 2.8 72 33
Summer 23.0 19.0 19.0
Average temperature
°C
O Winter 9.0 7.0 5.0

Heat sources and heat transfer

The preliminary simulation did not consider solar gain from the north-facing glazing surfaces
but considered the heat gain from the children (100 W) and the teacher (157 W), as stated in
Gao (2023). The heat loss for walls (88.6 W/K), windows (116.5 W/K), roof (21 W/K), and
floor (50.3 W/K) were provided by the prefab module designer. In addition, one wall-mounted
inverter heat pump (Mitsubishi DXK33) was used only in winter to heat the room.
Consequently, we expect a higher air mixing effect in winter than in summer, which will help
de-stratify the air that tends to make thermal layers (entering cold air and staying at the bottom
of the classroom).

2.4 CFD modelling approach

The general equations used in this CFD simulation can be found in Versteeg et al. (2007). These
equations are based on the mass, energy, and momentum conservation laws. The CFD
modelling was undertaken using a commercial CFD software, scSTREAM (Cradle CFD part
of Hexagon Manufacturing Intelligence, Hexagon AB Group, Sweden).

Turbulence models

CFD employs turbulence models to simulate fluid motion and the appearance of eddies. These
turbulence models are specific to different situations, and a significant research effort has been
dedicated to their development (Stevanovic, 2009). In ventilation studies, air turbulence is
usually described using the Reynolds-Averaged-Navier-Stokes (RANS) equations (Yakhot,
1986; Lu et al., 2019). Derived from the RANS equations, several models have been developed,
like the ReNormalization Group (RNG) K-epsilon turbulence model. This model is commonly
used for airflow simulation to study building cross-ventilation and agrees well with
experimental data (K. Kosutova et al., 2019).

Computational grid and convergence criteria

scSTREAM has a finite volume discretisation scheme. The computational grid is a structured
hexahedral mesh defined following CFD good practices (Serensen et al. 2003). A sensitivity
analysis was run after refining the volumes where considerable pressure or velocity gradients
were expected, and then the grid convergence was obtained. The solver convergence was
assessed by meeting residual error convergence criteria (10 level). The final mesh includes 8
million nodes for the models described.

2.5 Scenarios considered

Occupants, activities, and carbon dioxide generation rate
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Figure 2 shows that each classroom is occupied by 25 children (10 years old) and one teacher
(female, 40 years old). The occupants are undertaking light activities (MET 1.5). Table 2 shows
the two occupant categories' CO2 generation rate (L/s).

Table 2: Carbon dioxide generation rate (L/s) at MET 1.5: sitting tasks, light effort (Persily et al., 2017)

Occupants Generation rate (L/s) at MET 1.5
Female (40 years old) 0.0045
Child (10 years old) 0.0037

In our study, we assume that the COz is generated at a constant rate. The CFD simulation keeps
the outside CO2 background level constant (0 ppm). The results will be increased by 419.3 ppm,
the current outside COz level in NZ (NIWA, 2024).

In our modelling, we considered three case studies:

Case study 1 - Cross ventilation without extraction fan: The airflow enters the classroom
through the six trickle ventilators due to the difference in pressure between the outside and
inside compartments (extractor fan disabled). This scenario is valid as most NZ classrooms lack
extraction fans. For this case study, we expect the pressure difference between the inside and
outside will usually not provide enough airflow to achieve the recommended 8 litres per second
per child (NZS 4303: 1990).

Case study 2 - single-side ventilation with extraction fan: The fan Q/P curve controls the
extracted airflow. Under a continuous extraction regime (8 litres per second per child/teacher —
749 m/h for the 26 occupants), the air flowing through the six trickle ventilators (north-facing
windows only) will be influenced by the dynamic pressure applied due to the wind force on the
classroom facade.

Case study 3 - double-side ventilation with extraction fan: The fan curve controls the extracted
airflow. Under a continuous extraction regime (8 litres per second per child/teacher — 749 m3/h
for the 26 occupants), the air flows through the 12 trickle ventilators (north and south facade).

3 RESULTS AND DISCUSSION
3.1 Waellington Wind Model (Summer case): wind velocity on the classroom facade

Figure 5 shows a large-scale model for the Wellington school during summer. The dimensions
of the Wind model are defined considering the building height (4.5 m) and the surface blockage
on the plane perpendicular to the wind direction (200 m width (44H) and 50 m height (11H), 8
million nodes). On the windward side of the building (the north-facing side in our simulation),
the velocity ranges from 0 to 8.0 m/s, with a reference input velocity of 6 m/s at 10 m (Table
1). A similar profile will be observed for the Dunedin classroom; both sites have a dominant
northern wind with an average wind velocity of 6 m/s at 10m (Table 1).



Peer Reviewed Paper

—_—  —
—_— -
—_— —
—-— e
— =
—
—_—
—_— —=
_ =

Magnitude of Velocity [m/s]

0.00 0.96 1.92 2.88 3.84 5.12 6.08 7.04 8.00

Figure 5: Wind velocity on the Wellington classroom fagade in summer

Figure 5 shows a 2 m/s velocity near the windows where the trickle ventilators are located. The
five additional simulations were undertaken (three locations/two seasons in total), and the
pressure results are reported in Table 3.

Table 3 reports the pressure applied to the trickle ventilators and the flow rate entering the
trickle vents. These results were obtained by averaging ten points along the length of each of
the six trickle ventilators on the dominant wind facade (average of 60 values).

Auckland | Auckland | Dunedin | Dunedin | Wellington | Wellington
summer winter summer winter summer winter

Pressure applied to the facade [Pa]

North facade -5.83 -3.07 22.0 -0.88 22.00 31.23
South facade 3.14 -2.85 -5.84 -3.88 -5.84 -8.88
AP/2 4.49 0.11 13.92 1.50 13.92 20.05

Flow Rate [m?/h]

Flow rate deduced for each 64.6 9.1 117.7 36.1 117.7 142.8
trickle ventilator

Total flow rate per classroom
(input from six trickle 387.5 54.7 706.0 216.6 706.0 856.8
ventilators fully open)

Percentage of achievement 52% 7% 94%, 299% 949% 114%
(749 m*/h recommended level)

Table 3 Mean dynamic pressures and corresponding flow rates applied to the trickle ventilators

Table 3 shows lower pressures applied to the Auckland classroom facades than in Dunedin and
Wellington. As expected, Wellington showed higher pressures for both summer and winter than
Auckland and Dunedin.

NZS4303:1990 recommends 8 litres per second per child. Assuming 25 children and one
teacher per classroom, the minimum air flow rate is 749 m%h to ventilate the classroom and
keep the COz level below 1000 ppm. Table 3 (last row) shows the achievement percentage
across the six trickle ventilators (assuming the trickle ventilators fully open).

For the Auckland classroom, 52% and 7% of the recommended air flow rates were achieved in
summer and winter, respectively. Regarding Dunedin's results, the airflow was almost sufficient
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(94%) in the summer season. However, only 29% of the recommended flow rate entered the
classroom in winter. For the Wellington case study, the airflow rate was close to the
recommended level for summer (94%) and exceeded the recommended level in winter (114%).

The air enters at 19°C and 7°C in summer and winter, respectively (Table 1). We expect the
summer airflow profiles through the trickle ventilators for the air at 19 °C (same temperature
as room temperature) will follow a 45° angle. In contrast, the winter airflow profiles through
the trickle ventilators for the air at 7°C (intake temperature is 12°C cooler than the 19°C room
temperature) should quickly fall to the floor (Boulic, 2023). They could create discomfort for
children sitting close to the windows.

It should be noted that these winter results were simulated with the trickle ventilators fully open.
However, this assumption is only valid when the outside temperature is above 18°C, which was
not the case in winter. The trickle ventilator will be only a third open when the outside
temperature is below 12°C. So, the winter achievement should be divided by three. In summary,
Wellington and Dunedin could achieve the recommended ventilation rate only in summer when
using the trickle ventilators without a fan extractor. None of the three winter simulations
achieved the recommended level of ventilation (effective open area reduced to a third of the
full opening).

Building Bulletin 101 (BB101, 2006) recommend trickle ventilators with a minimum effective
area of 0.192 m? to satisfy the classroom ventilation requirement in the case of single-sided
ventilation. This is five times the effective area we used in our study (0.04 m? with six trickle
ventilators fully open). Still, we had a case of double-sided ventilation, which should be more
efficient than single-sided ventilation. A study carried out in a Wellington school over four days
in late summer (March 2022) showed that more than five air changes per hour (twice higher
than the recommended ventilation rate) were achieved with approximately 1.5 m? effective
window opening in a cross-ventilation setting and under a wind velocity between 1.2 m/s and
3.5 m/s (Aniebietabasi et al. 2022). The size of the effective area of the trickle ventilator is
important, and in our case study 1, it was insufficient in winter (lower effective area) and with
low wind velocity. The wind velocity (creating the pressure difference) also impacts the
ventilation rate. Cornaro et al. (2013) reported a higher ventilation rate with a 3.2 m/s average
wind velocity entering the trickle ventilators than a lower 1.3 m/s wind average velocity. In our
Case Study 1, a velocity of 2.0 m/s (Wellington summer) provided around 94% of the
recommended level with the trickle ventilator fully open. The literature supports our results that
wind velocity combined with a large effective area of trickle ventilators (at least 0.05 m?) will
be needed to achieve the recommended ventilation rate when no extraction fan is used (BB101,
2006; Biler, 2018). In summary, we demonstrated that achieving a suitable air flow rate in a
classroom environment with the sole operation of trickle vents (no extraction fan) was not
possible in winter but was close to the requirement (94%) in the summer season for Dunedin
and Wellington. An extraction fan connected to the trickle ventilators will be tested in Case
Study 2 and Case Study 3.

3.2 Wellington classroom CFD model during winter and summer.

Airflow path and ventilation efficiency - no usage of the extractor fan (Case Study 1).

In Case Study 1, the airflow enters the classroom through the trickle ventilators due to the
difference in pressure between the outside and inside compartments (extractor fan disabled).
The building comprises two identical classrooms. This will allow us to run two CFD
simulations (winter and summer) simultaneously. Figure 6 shows the airflow path for the
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classroom located in Wellington during winter (left) and summer (right). The dominant wind
was North for both summer (January) and winter (July), as reported in Figure 4.

In winter, the inverter heat pump (Mitsubishi DXK33) is operated to keep the classroom in the
thermal comfort zone (20°C + 2°C). The inverter heat pump is not operated for cooling during
the summer season. In Figure 6 (left), the inverter heat pump created the green streamlines.

Wind direction Wind direction Wind direction

¥ T 73

winter summer

Figure 6: Air streamlines for the air entering from the North facade (cross ventilation)

For the summer case, we can notice fewer streamlines around the middle table (Figure 6, right).
This result is expected as the middle table is not aligned with the trickle ventilator axis. Figure
6 shows that the inverter heat pump contributes to the winter air mixing in the classroom (the
heat pump is not used in summer for cooling). The air streamlines are more disturbed during
the winter case than the summer case. We can also notice that the furniture located in the left
top corner (winter) and in the right top corner (summer) disturbed the streamlines.

Figure 7 shows the magnitudes of the velocity (m/s). Figure 7 (left) shows two seasons'
positions on the vertical axis (air column). Figure 7 (right) shows the velocity plan 1.5 m from
the floor, representing the children's breathing zone.

winter summer

Magnitude of Velocity [m/s] Magnitude of Velocity [m/s]
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Figure 7: Magnitude of the velocity (left, vertical plan; right, 1.5 m from the floor)

Figure 7 confirms that the inverter heat pump contributes to air mixing during winter. The air
moves at a velocity of 0.20 m/s in the centre of the room during the winter season. In contrast,
the classroom has a much lower air velocity (0.05 m/s) during the summertime (lower buoyancy
due to a lower difference in inside/outside temperatures). Despite the good mixing of air (0.20
m/s) in most parts of the classroom (inverter heat pump), we can notice a few areas with lower
air velocity (0.05 m/s). These areas experiencing a lower mixing rate could create some “COz
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pockets” (Boulic, 2023). This hypothesis will be confirmed by our model investigating the
impact of the airflow on the CO2 concentration generated by the occupants.

Temperature distribution - no usage of the extractor fan (Case Study 1).

Figure 8 shows the temperature distribution (°C). Figure 8 (left) shows two seasons' positions
on the vertical axis (air column). Figure 8 (part) shows the temperature distribution 1.5 m from
the floor (children's breathing zone). In winter, the input temperature is 7°C, while the summer
input temperature is 19°C (Table 1).

winter sumimer

Temperature [C]

Temperature [C]
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Figure 8: Temperature distribution (left, vertical plan; right, at 1.5 m from the floor)
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Figure 8 (left) shows the winter case's temperature gradient from floor to ceiling and
homogenous temperature distribution (well-mixed column) during the summer. A ceiling fan
could be installed to homogenise the classroom air volume, mainly during winter
(destratification).

Figure 8 (right) shows the cold air (7°C) entering the classroom through the six trickle
ventilators for winter (blue spots). We need to confirm that intake air, which is 12°C cooler
than the 19°C room temperature, will not create discomfort for children sitting close to the
windows. This cold air trajectory is expected to be unidirectional downwards from the trickle
ventilators (due to the temperature difference).

The trickle ventilators are equipped with a shape memory alloy spring, which will change the
opening to external temperature (fully open above 18°C and one-third open under 12°C external
temperature). Therefore, with an outside temperature of 7°C, the incoming flow rate could be
reduced from 856.8 m’/h to 282.7 m*/h (66 % decrease), representing only 38% of the
recommended flow rate. Reducing the effective open area of the trickle vent will reduce the
ventilation rate and potentially impact pollutant distribution and virus transmission.

This section focused on the airflow path and the temperature distribution in the Wellington
classroom for Case Study 1. We will repeat the modelling for Auckland and Dunedin and then
move to Case Study 2 (continuous extraction regime of 749 m3/h with an air intake through the
six trickle ventilators) and Case Study 3 (continuous extraction regime of 749 m3/h with an air
intake through the 12 trickle ventilators).

We also plan to investigate the distribution of COz in the classroom when COz is used as a
proxy for the ventilation rate. We will use the CO2 generated by the classroom occupants over
90 minutes as a tracer gas. We will also investigate the potential creation of “CO2 pockets” due
to a lack of air mixing in some parts of the classroom. We will run the simulations for the three
cities and the three case studies. When no extractor fan is used (Case Study 1), we expect to
find a higher concentration of CO2 in Auckland and Dunedin classrooms than in Wellington
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classrooms due to the lower air velocity input. We also expect to find a higher CO2
concentration in winter than in summer due to a decrease in trickle ventilators' efficient areas.
Using an extraction fan (8 litres per second per child) should reduce the CO2 concentration to
the recommended level. A Finish study shows that the cold outdoor temperature makes opening
windows for airing in winter more challenging. The same study recommends a mechanical
ventilation strategy and a reduced classroom density (number of children per m?) to preserve
indoor air quality in winter for cold climates (Uotila et al., 2023).

For temperate climates, a Spanish winter study (8°C to 12°C outside temperature) shows that
after 10 minutes of cross ventilation (flush method), the CO2 level decreases by 300 ppm (from
1000 ppm to 700 ppm) with a classroom temperature loss from 21.5°C to 19.5°C (Rey-
Hernandez, 2023).

For tropical climates, Seng Theng Ang et al. (2023) used CFD to simulate airflow and thermal
comfort in a school. They showed that airing through louvres only does not sufficiently decrease
the temperature, but using a windcatcher to extract the hot air through the roof provided
potential chillness to the occupants. Elmualim’s study (2006) supports these findings as a
windcatcher system can assist in reducing indoor temperature and mitigate summertime
overheating. This method could be useful for Auckland and Northland NZ classrooms located
in subtropical climates.

4 LIMITATIONS AND SUGGESTIONS FOR FUTURE WORK

This study focuses on the behaviour of different ventilation scenarios for a selected average
classroom. However, it should be noted that variable configurations (room geometry, position
of the tables, number of children and room volume) and wind conditions could vary.
Furthermore, we neglected the infiltration rate for the building envelope, considering that they
were negligible in the overall air flow trajectories.

This paper focused on the airflow path and the temperature distribution in the Wellington
classroom for Case Study 1. We will repeat the modelling for Auckland and Dunedin and then
move to Case Study 2 (continuous extraction regime of 8 litres per second per child with an air
intake through the six trickle ventilators) and Case Study 3 (continuous extraction regime of 8
litres per second per child with an air intake through the 12 trickle ventilators).

We also plan to investigate the distribution of CO: in the classroom. We will use the CO2
generated by the classroom occupants over 90 minutes as a tracer gas. The COz level is used as
a proxy for the air change rate following the NZS4303:1990 (ASHRAE 62: 1989) threshold.
However, the classroom's CO:2 level should not be considered an overall indoor air quality
indicator (Persily, 2020).

5 CONCLUSION

An appropriate ventilation rate is needed to provide children with a healthy classroom
environment. Classroom occupants tend not to open windows during teaching, so an alternative
solution is needed, which could retrofit existing windows and install an extraction fan.

In three NZ locations (Auckland, Wellington and Dunedin), our project investigated a suitable
ventilation solution (trickle ventilators disconnected/connected to an extraction fan). This paper
reported findings for the Wellington classroom with the disconnected extractor fan. This case
study was selected because Wellington experiences the highest wind velocity level in NZ, so
the highest pressure is applied to the classroom facade, and potentially, there should be a higher
air intake. The results showed that the air was well-mixed in the classroom in summer (no
temperature difference between inside and outside). Our CO2 model must confirm that enough
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flow rate can be provided to the classroom in summer. However, the trickle ventilators' effective
area was reduced in winter, and insufficient air entered the classroom. In addition, despite good
air mixing assisted by the inverter heat pump use, there were still a few areas where the air was
not well-mixed. A ceiling fan could be installed to assist in the air mixing. The literature
supports our results that wind velocity (at least 2 m/s at the trickle ventilator level) combined
with a large effective area of trickle ventilators (at least 0.05 m?) will be needed to achieve the
recommended ventilation rate when no extraction fan is used. It will be advised to connect the
trickle ventilators to the fan extractor to increase the ventilation rate throughout the year.
Following the CFD project, we will deploy sensors to monitor the temperature, relative
humidity and CO2 in Auckland, Wellington and Dunedin classrooms to validate the modelling
findings.

6 REFERENCES

Aniebietabasi, A., Longley, 1., Chen, J., MacKenzie, S., Sutherland, A., Jermy, M., Phipps, R.,
Gronert, R. (2022) The effectiveness of natural ventilation: a case study of a typical New
Zealand classroom with simulated occupation. The New Zealand Ministry of Education,
Wellington, New Zealand https://assets.education.govt.nz/public/Documents/School/Property-
and-transport/Ventilation-in-school-buildings/effectiveness-of-natural-ventilation.pdf

BB101 (2006). Building Bulletin 101. Ventilation of school buildings, Version 1.4, 2006.
Education and Skill Funding Agency.

Biler, A., Unlu Tavil, A., Su, Y., Khan, N. (2018). A Review of Performance Specifications
and Studies of Trickle Vents. Buildings, 8, 152. https://doi.org/10.3390/buildings8110152

Boulic, M., Bombardier, P., Zaidi, Z., Russell, A., Waters, D., van Heerden, A. (2023). Using
trickle ventilators coupled to fan extractor to achieve a suitable airflow rate in an Australian

apartment: A nodal network approach connected to a CFD approach, Energy and Buildings,
304, 113828,ISSN 0378-7788, https://doi.org/10.1016/j.enbuild.2023.113828.

Boulic, M., Wang, Y., Phipps, R., Chitty, C., Cunningham, C., Moses, A., Weyers, R., Jang-
Jaccard, J., Olivares, G., Shekar, A., Longley, 1., Tookey, L., Ponder-Sutton, A., Waters, D.,
(2019) Project: Using a low-cost sensor platform to explore the indoor environment in New
Zealand  schools  https://d39d3mj7qi0o96p.cloudfront.net/media/documents/BRANZ-RN-
Indoor_Air Quality 5.pdf

BRANZ (2021) Metra Panel System Appraisal #364 https://www.branz.co.nz/appraisal-
codemark-certificates/metra-panel-system/

Chappell, P.R. (2013). The climate and weather of Auckland. NIWA Science and Technology
Series 60, 40 pp.

Chappell, P.R. (2014). The climate and weather of Wellington. NIWA Science and Technology
Series 65, 44 pp.

Cornaro, C., Paravicini, A., and Cimini, A. (2013) Monitoring Indoor Carbon Dioxide
Concentration and Effectiveness of Natural Trickle Ventilation in a Middle School in Rome,
Indoor and Built Environment, 22:2, 445 — 455.



Peer Reviewed Paper

Correiax, G., Rodrigues, L., Gameiro da Silva, M., Gongalves, T., (2020). Airborne route and
bad use of ventilation systems as non-negligible factors in SARS-CoV-2 transmission. Med
Hypotheses.141:109781. https://:d0i:10.1016/j.mehy.2020.109781

Dai, H., Zhao, B., (2020). Association of the infection probability of COVID-19 with
ventilation rates in confined spaces. Build Simul. 13(6):1321-1327. https://d0i:10.1007/s12273-
020-0703-5

Elmualim, A.A. (2006). Effect of damper and heat source on wind catcher natural ventilation
performance. Energy and Buildings, 38: 939-948.

Gao, S., Yang, L., Li, Y., Liu, S., Zhang, H., Arens, E., Zhai, Y., (2023) Metabolic rate in
children and adolescents: Tabulate values for common activities and comparisons with
standards and adult values, Building and Environment, 244, 110804, ISSN 0360-1323,
https://doi.org/10.1016/j.buildenv.2023.110804.

Gully, F. (2015). Windows and Doors in Schools: A study of low-decile primary schools in
Auckland (Final Year Project Report). Auckland, NZ: Massey University.

Guyot, G., Sherman, M., Walker, 1., (2018) Smart ventilation energy and indoor air quality
performance in residential buildings: A review, Energy and Buildings, 165, 416-430, ISSN
0378-7788, https://doi.org/10.1016/j.enbuild.2017.12.051

Kosutova, K., van Hooff, T., Vanderwel, C., Blocken, B., Hensen, J., (2019) Cross-ventilation
in a generic isolated building equipped with louvers: Wind-tunnel experiments and CFD
simulations, Building and Environment, 154, 263-280, ISSN  0360-1323,
https://doi.org/10.1016/j.buildenv.2019.03.019

Liaw, F. (2015). Doors and Windows Needs for School (Final Year Project Report). Auckland,
NZ: Massey University.

Lu, J., Zhu S., Kim M. K., Srebric J. (2019). A Review of CFD Analysis Methods for
Personalized Ventilation (PV). Indoor Built Environments, Sustainability, 11, 4166.

Macara, G.R. (2015). The climate and weather of Otago. NIWA Science and Technology Series
67,44 pp

MOE (2024) Ministry of Education — Te Tahuhu o te Matauranga. Plan and build a new
teaching space. Wellington, New Zealand. https://www.education.govt.nz/school/funding-and-
financials/funding/teaching-space-funding/plan-and-build-a-new-teaching-space/

NIWA (2024) Daily CO2 measurements from NIWA’s atmospheric monitoring station at
Baring Head, New Zealand https://niwa.co.nz/climate/research-
projects/carbonwatchnz/dailyco2measurements

NZS4303:1990 Ventilation for acceptable indoor air quality. New Zealand Standard,
Wellington, New Zealand.

Palacios Temprano, J., Eichholtz, P., Willeboordse, M., Kok, N., (2020). Indoor environmental
quality and learning outcomes: protocol on large-scale sensor deployment in schools. BMJ
Open; 10:¢031233. doi:10.1136/bmjopen-2019-031233



Peer Reviewed Paper

Persily, A. et al. (2017). Carbon dioxide generation rates for building occupants. Indoor Air,
27(5): 868-879.

Persily, A. (2020). Quit Blaming ASHRAE Standard 62.1 for 1000 ppm CO2, in the 16%
Conference of the International Society of Indoor Air Quality & Climate (Indoor Air 2020),
Seoul, Korea.

PPTA (2024) https://www.ppta.org.nz/news-and-media/class-size-average-class-size-and-
pupil-teacher-ratio-truth-lies-and-government-
statistics/#:~:text=The%20most%20common%20class%20size,smallest%20had%20a%20sin
gle%?20student.

Rey-Hernandez, J.M., Arroyo-Goémez, Y., San José-Alonso, J.F., Rey-Martinez, F.J. (2023)
Assessment of natural ventilation strategy to decrease the risk of COVID-19 infection at a rural
elementary school, Heliyon, Volume 9, Issue 7,e18271, ISSN 2405-8440,
https://doi.org/10.1016/j.heliyon.2023.e18271

Sadrizadeh, S., Yao, R., Yuan, F., Awbi, H., Bahnfleth, W., Bi, Y., Cao, G., Croitoru, C., de
Dear, R., Haghighat, F., Kumar, P., Malayeri, M., Nasiri, F., Ruud, M., Sadeghian, P.,
Wargocki, P., Xiong, J., Yu, W., Li, B., (2022). Indoor air quality and health in schools: a
critical review for developing the roadmap for the future school environment. Journal of
Building Engineering, 57, 2022, 104908, ISSN 2352-7102,
https://doi.org/10.1016/j.jobe.2022.104908.

Seng Theng Ang, A., Chin Voon Sia, C., Lee Yeu, Y., Hing Chong, K., Seng Chia, C., and
Joseph, A. (2023). Natural Ventilation and Indoor Air Quality in Domestic School Building:
CFD Simulation and Improvement Strategies. CFD Letters, 16(3), 1-14.
https://doi.org/10.37934/cfdl.16.3.114

Serensen, D.N., Nielsen, P.V. (2003). Quality control of computational fluid dynamics in
indoor Environments, Indoor Air; 13: 2—-17.

Stevanovic, Z., Mumovic, D., Kavgic, M. (2009). Indoor Air Quality and Ventilation Modelling
in Mumovic, D., & Santamouris, M. (Eds.). A handbook of sustainable building design and
engineering: An integrated approach to energy, health and operational performance (1st ed.).
Routledge.

Uotila, U., and Saari, A. (2023), "Determining ventilation strategies to relieve health symptoms
among school occupants", Facilities, Vol. 41 No. 15/16, pp. 1-20. https://doi.org/10.1108/F-10-
2021-0101

Versteeg, H. K., Malalasekera, W. (2007). An introduction to computational fluid dynamics:
The finite volume method. Harlow, Essex, England; Pearson Education Ltd.

Yakhot, V., Orszag, S.A., (1986). Renormalisation group analysis of turbulence. I. Basic theory.
Journal of Scientific Computing, 1, 3-51.





