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Ventilation systems play an important role in the energy consumption of heating and cooling, defining
hygrothermal conditions and air quality of dwellings. Among other functions, they are absolutely
necessary to ensure oxygen levels needed for household combustion appliances.

In Portugal in multifamily housing and with natural ventilation systems, installing a mechanical
exhaust fan in every kitchen (decentralized ventilation) is common. In this paper, the impact of such a
device is evaluated regarding the performance of a water heating appliance for heating the indoor
environment or for domestic hot water (B-type gas appliance usually installed in the kitchen). The
combination of natural or mechanical ventilation in the kitchen with the natural exhaust of the gas
appliance’s combustion products were tested as well as the evaluation of critical conditions that lead to
stopping the gas appliance safely or to reversing the combustion products in the respective exhaust duct.
One of the main conclusions to be drawn is that in the case of mechanical exhaust in the kitchen
simultaneously with the natural exhaust of the gas appliance’s combustion products, the kitchen’s
exterior air inlet is a key device for ensuring proper exhaust of combustion products. In extreme situ-
ations, reduced air intake by other means or high extraction flows, they can prevent safely stopping the
appliance or even reversing the flow of the combustion products. For this purpose, the maximum flow of

mechanical exhaust should also be limited.

© 2013 Elsevier Ltd. All rights reserved.

1. Introduction

The use of type B [1] gas combustion appliances can contami-
nate the indoor environment with pollutants, reducing indoor air
quality due to insufficient air intake or inadequate combustion
product exhaust. These devices are characterized by the intake of
new air required for combustion from the indoor environment and
for combustion product exhaust through ducts. The contamination
of indoor air may occur in this type of device when the internal
pressure is lower than the pressure in the exhaust ducts. The
gradual reduction of oxygen content in the new air intake device
leads to inefficient combustion, which increases the release of toxic
combustion products, including carbon monoxide (CO). If the
combustion appliances are equipped with safety devices (e.g. B11ss
— the letters “BS” in the index indicate safety in case of obstruction
of the duct), inadequate exhaust of the combustion products is
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detected (this condition potentially causes contamination of indoor
air), the gas supply is cut off and the device stops working. In
general, this device operates by detecting the increase in temper-
ature associated with the accumulation of combustion products in
the evacuation draught diverter of the apparatus. In this case,
safety is assured, but the availability of the appliance in terms of
operation may be greatly reduced. In dwellings subject to the
natural actions of wind and buoyancy, the conditions for such un-
favorable differences in pressure between indoor and outdoor
conditions will hardly occur. It is more likely to occur due to the
incorrect use of mechanical extraction devices, without regards for
the requirements of natural ventilation systems.

As part of a research project, it was possible to evaluate the
exhaust performance of combustion products in two naturally
ventilated dwellings and with a mechanical exhaust fan installed in
the kitchen — the interaction of ventilation between the two
dwellings was also analyzed. The aim of this article is to continue
to present the previously published results [2], namely some
tests with the combination of natural ventilation and mechanical
ventilation in spaces interconnected by ducts that may lead to
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Nomenclature

ACH air change rate, [h!]

h height of an air inlet or window, [m]
MV mechanical ventilation
NV natural ventilation

n air change rate at 50 Pa, [h™]
q air flow rate, [m>/h]

T temperature, [°C]

w width of an air inlet or window, [m]

Greek symbols

Ap pressure difference, [Pa]
4 pressure loss coefficient, [—]
¢ diameter, [mm)]

dangerous situations when type B gas water heating appliances are
used. The experimental results included wind speed and in ducts as
well as temperatures (within the ducts, in the dwellings and out-
doors). Based on these data, estimates were made of the air flow
rates. The problems that can occur due to this unsuitable combi-
nation of ventilation modes were demonstrated. In particular, it
was possible to assess the problems that may arise when the gas
water heater is running simultaneously with the kitchen’s me-
chanical ventilation where the gas appliance is installed. The re-
quirements that provide adequate ventilation for combustion
products are also discussed.

2. Indoor air quality and ventilation systems
2.1. Exhaust from combustion appliances

Despite being long-standing, concerns about the impacts on
public health due to exposure to CO produced by gas appliances are
still current [3]. Most accidents are due to insufficient air intake or
the poor condition of gas appliance installation and exhaust. For
example, exhaust ducts serve simultaneously for the gas heater and
the stove’s mechanical exhaust [4]. Research has shown that the air
intake has a predominant effect on kitchen ventilation and the
exhaust duct obstruction limits ventilation flow. However, air
intake is essential in buildings with reduced air permeability [5]. In
addition, it has been shown that with mechanical extraction in the
kitchen, air intake has to be much higher [6].

All gas appliances in the kitchen need a certain air flow to feed
the chemical reaction of combustion. This air flow is called “com-
bustion air.” Safety issues may arise when the air intake is not
sufficient or when the flow through the appliance and the exhaust
ducts to the outside does not occur properly. In the second situa-
tion, reverse flow occurs when the combustion appliance is not
capable of maintaining an upward flow causing combustion gases
to come into the indoor air [7].

According to the document PD CEN/TR 1749 [1], the classifica-
tion of gas appliances according to the method of evacuation of the
combustion products is:

- type A: “unconnected” appliances” (e.g. stoves). These devices
don’t have a duct for the exhaust of the combustion product.
They should preferably be evacuated in their vicinity [8];

- type B: “connected appliances” (e.g. boilers, water heaters). In
these devices the combustion products are exhausted through
ducts and the intake air is captured from the room where they
are installed;

- type C: “sealed appliances" (e.g. boilers). These devices have
“isolated” combustion, which means the intake air and exhaust
gases do not mix with indoor air.

In Portugal naturally ventilated devices are common (type B). In
these devices the exhaust is performed through a vertical duct.
Mechanical ventilation of the kitchen, which is common in
Portugal, can cause depressions in the room where the combustion
device is installed, increasing the likelihood of reverse flow.
Therefore, in these cases, the requirements of ventilation systems
should include safeguards to avoid this [7].

The poor supply of intake air or reverse flow can cause com-
bustion products to be released into the room. Combustion prod-
ucts are harmful to health, especially nitrogen oxides (NOx) and CO.
CO is formed by incomplete combustion when the oxygen supplied
is insufficient.

2.2. Indoor air quality in dwellings

Generally speaking, provided that the outdoor air quality is
acceptable, one can obtain good indoor environment quality using
adequate ventilation of these spaces. The design and imple-
mentation of ventilation systems in dwellings will need to take the
sources of pollution into account in order to proceed to evacuating
pollutants, preferably near their source, thus avoiding contami-
nating indoor air. For example, in the case of type B and C [1] gas
combustion appliances for domestic use, combustion products
should be discharged directly outdoors. In the case of type A ap-
pliances, they should preferably be evacuated in their vicinity [8].
Ideally, the combustion products must be exhausted directly out-
doors without mixing significantly with the indoor air. Currently,
for type A gas appliances mechanical ventilators are used to extract
combustion products, even though their uptake efficiency is
generally about 60% [7].

Indoor air quality should be ensured in order to prevent
dangerous pollutants from reaching concentrations that could
endanger occupants’ health (health criterion = safety criterion),
while maintaining a pleasant environment (sensory criterion =
comfort criterion). As for the health criterion, limit values for pol-
lutants are currently established as a function of the time occupants
spend in the contaminated environment.

The coexistence of both criteria is important because there are
substances that can only be assessed by one of them. For example,
CO is a gas which is fatal at relatively high concentrations,
and because it is colorless and odorless, it is not detectable
by humans. In this case, the criterion of imposed limits is
appropriate.

To assess contaminants inside dwellings, large scale studies
have been conducted [9]. In addition, in the USA [10] and Europe
[11] combustion products, particularly PM, 5 particles (particulate
matter with an aerodynamic diameter below 2.5 pm) and CO, as
well as formaldehyde (HCOH), have been identified as the con-
taminants which pose the greatest health hazard inside dwellings.
To this end, from a recent survey in 16 European countries, only six
had pollutant limits for indoor non-industrial environments [12].
These six countries had only limits for two pollutants in common:
CO and HCOH. Table 1 presents the countries under study and the
respective limits. It also presents the World Health Organization
(WHO) and Environmental Protection Agency (EPA) limits as a
benchmark.

It appears that, generally speaking, the limits in the various
countries are below the WHO limit. However, for PM; 5 European
countries do not have requirements as of yet. Information on car-
bon dioxide production (CO;), CO and NOx from domestic tobacco,
ovens and stoves can be found in Ref. [16].
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Table 1
Indoor pollutant limits for dwellings (adapted from Refs. [12—15]).
WHO USA (EPA) Finland Lithuania Norway Portugal Romania Slovenia
PM, 5 [pg/m?] 254 35¢
CO [mg/m3] 10°¢ 10.3¢ 8 10¢ 12.5 62 10
NO; [ng/m?] 200° 188 100°
HCOH [pg/m?] 100° 50 100? 100 352 100
2 30 min average.
b 1 h average.
¢ 8 h average.
d

24 h average.

2.3. Ventilation systems

In residential buildings ventilation systems are essentially
intended to ensure indoor air quality, provide new air for com-
bustion appliances and ensure the extraction of combustion
products. This ventilation should be provided under conditions of
comfort and safety while minimizing energy consumption.

Outdoor air intake is required to safeguard occupant health and
has the following functions [17]:

- to dilute and remove of pollutants, including substances
emitted by furniture, building materials, cleaning products,
odors, CO, derived from human metabolism and water vapor.
These pollutants normally have low emission rates but
continuous and diffuse;

to dilute and remove specific pollutants from identified sources
such as odors from bathrooms, cooking, steam from cooking or
baths, tobacco smoke and combustion products. These pollut-
ants usually have relatively high emission rates but of short
duration and specific location;

to supply oxygen for occupant breathing;

to control indoor humidity due to personal hygiene (bathing),
washing and drying dishes and laundry, etc.;

- to supply air for combustion appliances.

The upper limit of ventilation rates, if any exists, is established,
taking into account criteria for energy conservation. To establish
the lower limit, there are currently two methods (adapted from
Refs. [18,19]):

- prescriptive method: defining a ventilation air flow rate of new
air, usually expressed per unit of area, unit of volume (this
definition gives rise to the air change rates parameter — ACH
[h=1]) or per person. In addition, there may be other ways to
prescribe for specific situations such as air flow rate of new air
required for combustion appliances. This is usually expressed

as a function of the device’s power, or the installation of a
device which can ensure the required air flow rate, character-
ized by the size of the area of an air inlet to be permanently or
controllably open for natural ventilation;

- demand method: defining the limits of the concentration of
potential pollutants or odors so as to limit maximum exposure.

Given the difficulties in applying the demand method a
simplified methodology was recently adopted in international
standardization (with a prescriptive character, although more
detailed). New air flow rate type-values are adopted to prevent
pollution due to the building (proportional to the area) and occu-
pants (proportional to the respective number). Adopting ventila-
tion categories is simultaneously used to depending on the number
of dissatisfied people [20].

In practice, prescribed ventilation rates (ACH [h~']) are used for
any dwelling or air flow rates for specific rooms, based on their
occupation or on activities that take place in them — some authors
conclude that mechanical extraction is beneficial in kitchens with
gas appliances to reduce the concentration of pollutants in the
room [21,22]. In the kitchen, the maximum extraction flow must be
the value which corresponds to the proper evacuation of products
from cooking and operating any existing gas appliances in this
room [23]. Often, the maximum air flow rate is obtained using an
intermittent peak value not required for regular ventilation of the
dwelling. Table 2 summarizes the main requirements for ventila-
tion for kitchens in dwellings in several countries. The same table
indicates an example of the air flow rate obtained by following
these criteria for a house with 3 bedrooms and 4 people, a 30 m>
kitchen and exhaustion at the stove (a 1 m wide stove).

Table 2 shows that with the exception of Greece the maximum
extraction air flow rate in the kitchen is found between approxi-
mately 100 m>/h and 200 m>/h.

Intermittent ventilation systems (mechanical ventilation driven
according to the needs of removing pollutants) require higher air
flow rates as shown in Table 2 for the particular case of the USA. In

Table 2

Summary of maximum exhaust ventilation prescriptions in the kitchen (adapted from Refs. [7,8,23—25]).
Country [source] Maximum air flow rate in the kitchen Example
France [Arreté du 24.3.82] 75—135 m°/h (inter.; depends on no. of rooms) 105 m3/h
Germany [DIN 1946, Part6; DIN 18017; VDI 2088] Purge: 200 m3/h (>12 h occupation/day) 200 m3/h
UK [Building Regs. Approved, Doc. F] 108 m3/h adjacent to stove, 216 m>/h if located elsewhere (inter.; ex.) 108 m3/h
Greece [Greek Legislative Framework Document] 50—85 m>/h/p (recommend) 200—-340 m3/h
Italy [Standard UNI 10339] 4 ACH (ex.) 120 m?/h

USA [ASHRAE 62.2: 2013, applicable to dwellings
or multifamily buildings up to three storeys]

Canada [CSA F326-M1989]

Portugal [NP 1037-2: 2009]

Portugal [NP 1037-1: 2002]

180 m>/h (inter.; MV), 5 ACH (cont.; NV)?

180 m?/h (inter.);
150 m3/h (cont.)

180 m/h (inter.; ex.) 180 m3/h
max (2 x volume; 180; 216 x stove width) m>/h (int.; ex.; MV)® 216 m?/h
4 ACH (cont.; ex.; NV)° 120 m?/h

Notes. ex. — extraction; max. — maximum,; inter. — intermittent; cont. — continuous; MV — mechanical ventilation; NV — natural ventilation.
2 When there are type B combustion appliances and when the overall air flow rate exceeds 270 m>/(h-100 m?), a compensatory air inlet is required.
b It is necessary to predict the intake air flow rate for type A and B combustion appliances.
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this case, the ASHRAE 62.2: 2013 standard [25] requires operation
at least once every 3 h.

2.4. Mixed ventilation systems in Portugal

Often in Portugal natural and mechanical ventilation systems
are associated with individual mechanical extraction in kitchens
and natural extraction in bathrooms. The mechanical extraction is
discontinuous, operating according to user needs and without their
knowledge/control of extracted air flow rates.

Type B appliances should not be installed in places where there
is exhaustion with mechanical ventilators as in Fig. 1 [26].

Disregard for this incompatibility often entails shutting the gas
appliances down according to the reversal of the flow of combus-
tion gases in the exhaust duct. Based on this finding, and in the
context of a research project, we tried to experimentally assess the
performance of the exhaust of combustion products in a naturally
ventilated dwelling with a mechanical exhaust fan installed in the
kitchen. In the following sections, the building, the dwelling where
the test was conducted and the respective experimental results are
presented. The chosen building was studied in the context of a
wider research project for which results on the permeability of the
components of the ventilation system and the dwellings have
already been presented [27].

3. Description of the building and ventilation system tested

A four-storey multifamily building located in a neighborhood of
Porto was chosen (Fig. 2). The flats had a ceiling height of
approximately 2.5 m. The natural ventilation system proposed
by the designer had the following characteristics and locations
(Fig. 3) [27]:

- self-adjustable air inlet device located above the roller shutter
box at an approximate height of 2 m; one self-regulated air
inlet per room (the characteristic air flow rate is 30 m>/h at the
pressure difference of 20 Pa; this is a so-called “module 30" air
inlet) and two in the living-room;

- fixed air inlet device on the external kitchen door (with an
adjoining balcony) installed in the lower part of the door; its
overall size is 55(w) x 16.5(h) cm? and the air permeability is
q = 59.312Ap% [m?/h];

iz

I Reverse % g %

7 flow

% )

% Q|| Q)| ||.| Allr
/ L/}| inlet
%////////////////////////////////////////////////////////;///

Z 7

Fig. 1. Impossibility of combining mechanical extraction ventilation with natural
ventilation (adapted from Ref. [26]).

- the air permeability of the external kitchen door is
q = 5.446Ap%73! [m3/h];

- the internal doors of the kitchen and bathroom have passage

air inlets with an air permeability of g = 76.732Ap%>° [m3/h],

according to the manufacturer;
the air permeability of the

q = 13.057Ap%%%2 [m3/h];

- natural extraction from bathroom with a fixed aluminum air

outlet with an air permeability of g = 31.727Ap%>° [m?/h], ac-

cording to the manufacturer; the bathroom duct has a diameter

of ¢110 and is insulated with 3 cm of polyurethane; there is a

static ventilator (cowl) at the top of the duct on the roof (the

nominal value of head loss factor claimed by the manufacturer

is £ = 1.51);

stove extraction by individual metal duct (¢150) by natural or

mechanical action, in accordance with the tests (mechanical

exhaust fan installed in the duct, however, with the possibility
of being active or inactive — max. 500 m>/h);

- extraction of water heater (=19.1 kW) by natural action,
located in the laundry room (the laundry and kitchen form a
common space — no door between them) by collective metal
duct with ¢175 and without individual branches.

internal kitchen door is

The kitchen window area is 1.80(w) x 1.10(h) m? with an air
permeability of ¢ = 1.4810Ap%%4> [m3/h], according to local mea-
surements. In the above air permeability results, the air flows from
the outside to inside the flat — depressurization. The volumes of the
tested flats were approximately 160 m> the volume of the
kitchen + laundry was 23.2 m> and the volume of the bathroom
was 9.2 m> Fig. 3 shows the flat type, the location of the ventilation
system inlets, outlets and the size of the ducts.

Fig. 4 shows the predictable flows in accordance with the de-
vices installed.

The overall air permeability test of flat 1 was carried out in
accordance with method B of EN 13829: 2000 [28]. The perme-
ability (n) in pressurization was 4.5 h™!, and depressurization was
5.7 h~1[27].

4. Sensitivity analysis of operating the water heater and
mechanical exhaust

In order to assess the influence of the water heater, operated
simultaneously or not with kitchen’s mechanical exhaust
(installed in the stove’s duct), several tests were carried out
aimed at determining the air flow rates and temperatures in each
duct (water heater, mechanical extraction-stove and bathroom).
We also measured the temperature and relative humidity in the
various rooms in the flat — the relative humidity is not presented
since it is irrelevant to this study’s conclusions. At the same
time, the conditions of indoor air circulation were changed.
Interior doors were closed/open; the bathroom and kitchen door
air inlets were closed/open and the exterior kitchen air inlet was
closed/open. The tests were carried out in a first floor flat (flat
number 1).

The conditions for recording the variables were as follows:

- outdoor temperature: records spaced 1 min apart (Rotronic
reference probes; +0.5 K uncertainty)

- wind direction and speed: 30 s averages of records spaced 6 s
apart (data obtained 6 m above the roof, above flat 5; Young
reference equipment; +2% accuracy of velocity; +5% accuracy
of direction);

- indoor temperature, measured at the center of the rooms:
records spaced 1 min (Rotronic reference probes; +0.5 K
uncertainty);
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Flat 3: 1stfloor

Flat4: 2nd floor

Flat 5: 4th floor

14.5m
L | |
Flat 1: 1st floor
32.8m Flat 2: 4th floor
- [
s — 1 N
L 14.5m L

Flat 6: 1st floor
Flat 7: 4th floor

69.0m 1 14.5m 1

Fig. 2. Residential building containing the flats considered.

- temperature and velocity in the ducts: 20 s averages of records
spaced 5 s apart; for the velocity of the stove the averages are
taken 10 s apart (Airflow reference thermoanemometers, Ahl-
born reference turbine Anemometers and type T and ] ther-
mocouples; uncertainty: temperature in ducts +1.8 K; air flow
rate in ducts £4.2 m>/h).

Table 3 briefly presents the tests carried out in the sensitivity
analysis.

The tests will be presented in chronological order. The condi-
tions of the first test are described in Table 4.

The air flow rates registered in the various ducts, as well as the
wind velocity, are shown in Fig. 5. One may conclude that the po-
sition of the doors or opening/closing the exterior air inlet of the
kitchen does not interfere appreciably with the air flow rates
(closing the exterior kitchen air inlet leads to a slight decrease of
flow — Ref. (C) and the interior doors as well). It is worth noting that
if the permeability of the envelope were reduced further, the po-
sition of the doors and closing of the exterior air inlet would
probably have a greater influence.

Self regulated air
inlets (30+30 m*/h)

Bedroom?2

Bathroom
(NV: §110) wmt ﬂm
Kitchen
MV /NV: §150
o $150) ~
L aundry Self regulated air inlets
(NV heater: §175) #* (30+30 m*/h)

Al Fixed air inlet

Fig. 3. Two-bedroom flat—ventilation system.

From the same figure, one may also conclude that the influence
of wind velocity on the 1st floor is paramount to the increase of air
flow rates in the stove and bathroom ducts (natural ventilation
situation).

The predominant direction of wind was situated at the E-SE
octants (83% of records) resulting in average pressure coefficients on
the front facade of 0.22, —0.07 on the rear facade and —0.83 on the
roof. Despite the wind, the extracted air flow rates in the kitchen and
bathroom are quite low, unlike the air flow rate extracted by the
water heater duct. On average, we have an approximate extracted
air flow rate of 75neater + 20bath + 20stove = 115 m>/h, which leads to
about 0.7 ACH (4 ACH in the kitchen and 2 ACH in the bathroom). For
the situation with the water heater stopped (the initial test), on
average it can be deduced to have an approximate extracted air flow
rate of 40stove + 20path -+ 20heater = 80 m>/h, which leads to about 0.5

Fig. 4. Predictable flows.
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Sensitivity analysis of operating water heater and mechanical/natural extraction. Summary of the tests performed.

M. Pinto, J. Viegas / Building and Environment 69 (2013) 1-13

Ref. Stove exhaust Hot water heater Interior doors Kitchen exterior Interior passage air
activated (1)? activated (2)? open (3)? air inlet open (4)? inlet open (5)?

1st test

A No Yes Yes Yes Yes

B No Yes No Yes Yes

C No Yes No No Yes

D No Yes Yes No Yes

2nd test

E Yes Yes No No No

3rd test

F No Yes Yes Yes Yes

G Yes Yes Yes Yes Yes

4th test

H No No Yes Yes Yes

5th test

I Yes Yes (2nd floor) No No Yes

ACH (3 ACH in the kitchen and 2 ACH in the bathroom). Without the
water heater duct we would only have whole only 40 m3/h (0.3
ACH) overall. The air flow rates extracted at the stove (similar air
flow rates to bathroom, although the diameter of the stove duct
being considerably greater) were obtained with the exhaust fan
placed, highlighting this device pressure loss when it is stopped, and
the respective significant restriction of the extracted air flow rates.
Fig. 6 presents the evolution of the temperature inside the
rooms and Fig. 7 shows the evolution of the exterior temperature
along with the temperatures in water heater and stove duct.
Analysis of Fig. 6 allows us to conclude that, despite the exis-
tence of passage air inlets, temperatures tend to rise in the rooms
when doors are closed. This can lead to the conclusion that in a
normal situation (bathroom door open simultaneously with the hot
water running) the heat dissipates throughout all of the rooms.
Closing the exterior kitchen air inlet leads to a slight decrease in
temperature within the respective room. The explanation for this

Table 4

may be that the air feeding the water heater came from the exterior.
It had an average temperature of 29.3 °C from the beginning of the
test, a temperature significantly higher than the kitchen’s initial
temperature.

Analysis of Fig. 7 shows cooling in duct between the 1st and 3rd
floor water heater depending on the intake of new air from the 2nd
and 3rd floor kitchens since this is a collective duct. The tempera-
ture on the 3rd floor was very close to the exterior temperature
which reduces the potential of the chimney effect.

The conditions of the second test are described in Table 5.

The air flow rates recorded in the various ducts as well as the
wind velocity are shown in Fig. 8. From this, we can conclude that
the stove exhaust (maximum air flow rate of 180 m?/h) interferes
with the air flow rate extracted from the water heater (opposing
peaks). From the same graph, we can also conclude that the influ-
ence of the wind speed at the 1st floor (where the mechanical
ventilation is situated) is felt and the air flow rates extracted in the

Sensitivity analysis of operating the exhaust fan to the position of interior doors and ventilation air inlets. Test with exhaust fan off and water heater on (natural ventilation).

Time (Ref.) Test conditions: 1st test

11:06 (A) - Exhaust fan placed but not activated;
- Water heater activated (hot water in the bathroom);
- Interior doors open;
- Interior passage air inlets open.
- Kitchen exterior air inlet open.

11:21 - End of test.

11:24 (B) - Interior doors closed (3).

11:39 - End of test.

11:41 (C) - Exterior kitchen air inlet closed (4).

11:56 - End of test.

11:57 (D) - Interior doors open (3).

12:13 - End of test.

Indication of elements which vary their position/operation during the test (Section AA)
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Fig. 5. Sensitivity analysis of operating the water heater relative to the position of interior doors and ventilation air inlets. Air flow rates, wind speed and direction for the test with

exhaust fan off and water heater on (natural ventilation).

bathroom are low with an average air flow rate of 10 m3/h (1 ACH),
relative to natural ventilation (first test), and they suffer a slight
influence from the exhaust fan.

In Fig. 9 the likely time the water heater was stopped by the
safety device (=12:57) can be observed as there is a simultaneous
reduced water heater extraction air flow rate (less than the start of
the test) and the beginning of the temperature decrease in the
respective duct (probable intake of new exterior air). According to
NP EN 297: 1998 [29], the maximum amount of time to the stop the
water heater is 2 or 8 min, depending on the presence of a complete
or partial obstruction respectively. In this case, in view of the
operating time of the exhaust fan with higher air flow rates
(=12:49-12:57), the extraction by the stove duct functions as a
partial obstruction.

Thus, we can conclude that the obstruction of the supply of the
water heater air inlet together with the mechanical extraction of the
combustion products of the stove provide strong contributions to the
malfunctioning of the water heater — this situation closely resembles
the anomalies often recorded in residential dwellings in Portugal.

The conditions for the third test are described in Table 6.

The air flow rates registered in the various ducts as well as the
wind velocity are shown in Fig. 10. It appears that in the position of
everything open (interior doors and kitchen exterior air inlet
opened), the sharp increase in the extracted air flow rate by the
exhaust fan (maximum air flow rate of approximately 380 m>/h)
interferes slightly with the air flow rate extracted by the water
heater (decrease over time). Fig. 10 also leads to the conclusion that
the influence of the wind speed at the 1st floor (situation of

26.0 T
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Fig. 6. Sensitivity analysis of operating the water heater relative to the position of interior doors and ventilation air inlets. Temperature in the rooms for the test with exhaust fan off

and the water heater on (natural ventilation).
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Fig. 7. Sensitivity analysis of operating the water heater relative to the position of interior doors and ventilation air inlets. Exterior temperature and temperatures of water heater
and stove ducts for the test with exhaust fan off and water heater on (natural ventilation).

mechanical ventilation) is not felt and the air flow rates extracted in
the bathroom are low, average air flow rate of 10 m>/h, relative to
natural ventilation (first test).

A comparative analysis between the last two tests reveals that
there is greater interference of the exhaust fan on the air flow rates
of the water heater and bathroom duct in the situation with
everything closed (second test). In the third test, although the air
flow rate of the water heater extraction is reduced, it is not enough
to activate the safety device. In this case, we have a air flow rate in
the exhaust fan which is approximately twice as high as in the
second test highlighting the importance of the air intake conditions
to the water heater. Comparing the three tests, we concluded that
the action of the wind, while significant, is only paramount in the
case of the system with just natural ventilation (first test).

The conditions of the fourth test are described in Table 7.

Air flow rates recorded in the various ducts as well as the wind
speed are shown in Fig. 11. As in the first test (natural ventilation
conditions), we can also conclude that the influence of the wind
speed at the 1st floor is paramount to the increase in stove duct air
flow rates. The predominant direction stood at octants SW—W (81%
of records; the average pressure coefficients are negative). How-
ever, in the bathroom air flow rates do not suffer the same increase

Table 5

due to the wind speed. On average, the extracted stove and bath-
room air flow rates are slightly lower than those of the first test (in
this case 10 m>/h). The extracted air flow rate in the water heater
duct was not measured due to an anemometer malfunction.

If we assume that the extracted air flow rate in the water heater
duct is on average of the same order of that measured at the
beginning of the first and second tests, we have an extracted air
flow rate of approximately 50neater + 10stove + 10path = 70 m>/h,
which overall leads to about 0.4 ACH (3 ACH in the kitchen and 1
ACH in the bathroom). This ACH is substantially less than the 0.7
ACH obtained in the first test with water heater on. It is worth
noting that air flow rates extracted on the stove were obtained with
the exhaust fan in place.

The conditions of the fifth test are described in Table 8.

In this test the water heater was on in the 2nd floor kitchen and
the mechanical exhaust fan with increasing air flow rate was also
activated in the 1st floor kitchen. At 17:07 for an exhaust air flow
rate of approximately 450 m>/h, the pressure inside the 1st floor
kitchen is sufficiently low to reverse the flow of combustion
products from the 2nd to the 1st floor, as the temperature in the
combustion exhaust duct of the 1st floor increased severely (up to
about 58 °C), as shown in Fig. 12.

Sensitivity analysis of operating the exhaust fan relative to the water heater (everything closed).

Time (Ref.) Test conditions: 2nd test
12:32 - Exhaust fan placed;
- Interior doors closed;
- Interior passage air inlets closed;
- Exterior kitchen air inlet closed.
12:34 - Water heater on (hot water in the bathroom) (2).
12:38 (E) - Exhaust fan on (1).
12:43 - Increase in exhaust fan speed (1).
12:47 - Increase in the exhaust fan (there were variations in the exhaust fan between 12:50 and12:55) (1).
12:55 - End of test (the water heater stopped as a result of its safety mechanism).

Indication of the elements whose position/operation vary during the test (Section AA)
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Fig. 8. Sensitivity analysis of operating the exhaust fan relative to the water heater. Air flow rates and wind speed (everything closed).

This test shows that activating the mechanical ventilation in
flats with natural ventilation (provided they are interconnected by
collective ducts) can create hazardous conditions due to the
reverse flow of the combustion products. Note that this risk is not
detectable by the type B appliance’s safety device since no re-
striction to the exhaust air flow rate occurs; there is only a change
in the flow path. Although this situation is found for a rather high
air flow rate (about 450 m>/h), it is demonstrative of what can
happen in mixed ventilation systems in Portugal, as the existing
exhaust fans typically have equivalent or even higher maximum air
flow rates.

Below are the main conclusions drawn from the tests.

As for the position of doors and passage air inlets, the following
can be concluded:

- closing the interior doors of the kitchen and bathroom,
regardless of whether or not the respective doors have passage
air inlets, it is essential to avoid spreading water vapor and heat
generated in the respective rooms (1st test);

in the case of natural ventilation, the position of the doors and
exterior air inlet does not considerably influence the extracted
air flow rates (1st and 2nd tests);

in the case of mechanical exhaust in the kitchen, the exterior
kitchen air inlet can be a good aid to the water heater extrac-
tion and may have obviated the air flow reversals in the
bathroom; nevertheless, the air admitted directly into the
kitchen does not flow out through the other rooms, so that it
does not contribute to ventilating them (3rd test).

Regarding the influence of wind speed, the following can be
concluded:

- in the case of natural ventilation, wind speed has paramount
influence, at least on the 1st floor, in the extraction by the stove
and bathroom ducts (1st and 4th tests);

- mechanical exhaust is less sensitive to the influence of wind
speed (2nd and 3rd tests).

Concerning the flow and ventilation rates obtained, the
following can be concluded:

- in the case of natural ventilation, the extracted air flow rates
are low, approximately 0.40—0.50 ACH (with the exhaust fan
placed and the water heater off). When the water heater was
operating, there is an increase in the extracted air flow rates,
approximately 0.70 ACH (1st test);

- the average extracted air flow rates in the bathroom are quite
low (1020 m>3/h) (1st to 4th test),

- in the case of mechanical exhaust, the extracted air flow rates
of the water heater and the bathroom are influenced by it (2nd,
3rd and 5th tests).

As for the influence of the exhaust fan, the following can be
concluded:

- in the position of everything closed (doors and air inlets), the
exhaust fan interferes with the extracted air flow rates from the
water heater and the possibility of stopping it by activating its
safety device exists. The extracted air flow rates in the bath-
room are lower than in the natural ventilation situation (1st
and 5th tests);

in extreme cases (high air flow rates and closed exterior
outside kitchen air inlets) reverse flow of the combustion
products may occur, including from floors above the mechan-
ical exhaust fan (5th test);

in the position of everything open (doors and air inlets), the
influence of the exhaust fan is smaller in relation to the pre-
vious situation, even for high air flow rates (3rd test).

5. Recommendations for the coexistence of type B and
mechanical exhaust in the same space

The coexistence of type B combustion devices (water heaters or
boilers where combustion air is captured directly at the installa-
tion) with mechanical exhaust fans is not recommended. This

f;:g.‘i'#vheg’a!er 12:.38@): fan 12:43: fanincrease 12:47: fanincrease End:12:55
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Fig. 9. Sensitivity analysis of operating the exhaust fan relative to the water heater. Air flow rates and temperature of the duct water heater (everything closed).
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Table 6

Sensitivity analysis of operating the exhaust fan relative to the water heater (everything open).

Time (Ref.) Test conditions: 3rd test
13:02 (F) - Exhaust fan placed;

- Water heater activated (hot water in bathroom);

- Interior doors open;

- Interior passage air inlets open;

- Exterior kitchen air inlet open.
13:08 - Exhaust fan off.
13:13 (G) - Exhaust fan on (1).
13:17 - Exhaust fan operating (1).
13:22 - Increase in exhaust fan speed (1)
13:26 - Increase in exhaust fan speed (1)
13:31 - Increase in exhaust fan speed (1)
13:35 - Increase in exhaust fan speed (1).
13:39 - Increase in exhaust fan speed (1)
13:42 - Increase in exhaust fan speed (1)
13:46 - Increase in exhaust fan speed (1)
13:50 - End of test.

Indication of elements whose position/operation vary during the test (Section AA)

situation can produce a significant depression in the kitchen and
prevent the operation of type B appliances (2nd test) or reverse the
direction of flow of combustion products in the natural evacuation
duct (5th test). Nevertheless, this coexistence can be resolved as
follows:

- type B device installed in an exterior location to the heated
space with its own ventilation system, for example in laundries
(preferred solution),

- using type C appliances (independent intake and exhaust);
they must have vertical extraction ducts leading to the roof;

- using of a “discriminating” mechanism to prevent the simul-
taneous operation of the combustion appliance and mechani-
cal exhaust;

- using electrical appliances for domestic hot water or to heat the
indoor environment;

- including an air inlet in the kitchen which must be sized to
admit compensation air when the combustion appliance and
mechanical exhaust fan are being operated simultaneously.

With regards to this last solution, the opening of the intake
should be sized to admit compensation air (maximum air flow rate
subtracted from the base air flow rate), adjustable (non- closing)
and should only come into operation for maximum air flow rates
(during meal preparation, see Table 2) so as not to interfere with
the normal air flow rates of base ventilation. The characterization of
this supplemental air intake situated preferentially in the same
place as the type B appliance is specified in several documents:
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Fig. 10. Sensitivity analysis of operating the exhaust fan relative to the water heater. Air flow rates and wind speed (everything open).
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Sensitivity analysis with the devices off (natural ventilation).

Time (Ref.)

Test conditions: 4th test

14:00 (H)

15:03

- Exhaust fan placed but not activated;
- Water heater off;

- Interior doors open;

- Interior passage air inlets open;

- Exterior kitchen air inlet open.

- End of test.

- standard ASHRAE 62.2: 2013 which recommends its imple-
mentation for an overall extraction air flow rate greater than
270 m>/(h-100 m?) [25];

- in Belgium this supplemental air inlet is recommended to be
sized for a pressure difference of 5 Pa, resulting in approxi-
mately 160 cm? per 100 m>/h of extraction air flow rate as well

Table 8

as the use of adjustable air inlets to allow closure when the
mechanical exhaust is not functioning [30].

With mechanical exhaust and without type B appliances, several
prototypes of self-regulating air inlets have already been devel-
oped. They open at the high pressures (30 Pa) to allow air to enter
the kitchen directly when there are extreme air flow rates [31].
Admission of these air flow rates by the main rooms is thereby
avoided with the potential problems of oversizing air intake and
comfort. In intermittent systems, an air inlet sized for Ap = 10 Pa is
recommended [30].

The maximum extracting air flow rate should not exceed the
limits stated in Table 2 (=200 m>/h). The English regulation is the
strictest imposing a maximum air flow rate of 72 m>/h in kitchens
with mechanical extraction and boiler [32]. Nevertheless, certainly
to avoid possible contamination from pollutants, ASHRAE 62.2:
2013 establishes that CO detectors must be placed in homes [25].
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Fig. 11. Sensitivity analysis with the devices off. Air flow rates and wind speed (natural ventilation).

Sensitivity analysis of operating the exhaust fan relative to the water heater on the 2nd floor (exterior kitchen air inlets closed).

Time (Ref.) Test conditions: 5th test

16:45(H) - 1st floor water heater off;
- 2nd floor water heater on (hot water in the bathroom);
- Interior doors closed;
- Interior passage air inlets open;
- Exterior kitchen air inlet closed in the 1st and 2nd floor;
- Exhaust fan off.

16:48 - 1st floor kitchen exhaust fan on (1).

16:51 - Increase in exhaust fan speed (1).

16:54 - Increase in exhaust fan speed (1).

16:57 - Increase in exhaust fan speed (1).

17:02 - Increase in exhaust fan speed (1).

17:07 - Increase in exhaust fan speed (1).

17:12 - End of test.

Indication of the elements whose position/operation vary during the test (Section AA)
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Fig. 12. Sensitivity analysis of operating the exhaust fan relative to the water heater on the 2nd floor. Air flow rate and temperature, respectively, in the stove and water heater ducts

(exterior kitchen air inlets closed).
6. Conclusions

The field tests showed that the combination of natural ventila-
tion with mechanical ventilation in spaces interconnected by ducts
may lead to dangerous situations when type B gas appliances water
heating are used (for a 20 KW nominal power gas appliance). The
most serious cases were recorded in the following situations, under
the conditions described in this paper:

- safety stop of type B device when the mechanical exhaust was
of the order of 180 m?/h with doors and interior passage and
kitchen air inlet closed;

- reverse flow of combustion products of the type B appliance
when the mechanical exhaust was of the order of 450 m>/h
with interior doors and kitchen air inlet closed and the interior
passage air inlets open.

Quite often in Portugal people install exhaust fans mechanics
supposedly in order to improve the ventilation system in their
dwellings. The tests showed that this can have a negative impact on
the performance of type B water heating gas appliances in their
homes and in the flats above or below them served by the same
collective natural ventilation duct. This impact will be more serious
for dwellings with low air permeability (more common in new
dwellings) and may result in releasing pollutants into the home.

As a general recommendation for new buildings, implementing
appropriately sized natural ventilation systems and preventing
people installing mechanical ventilators is advised. If there is a risk of
people installing mechanical ventilators later installation by users,
type C appliances are recommended or type B appliances in a loca-
tion exterior to the heated space, such as in laundries, with their own
ventilation system. If there are constraints in terms of physical space
or in the case of renovation, an air inlet is recommended in kitchens.
It should be sized so as to admit compensation air; it should
adjustable and should only be activated for maximum air flow rates.
Its existence has the disadvantage that, while it is open, reducing
ventilation air flow rates from other the rooms will be reduced.
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