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Maintaining positive pressure indoors using mechanical ventilation system is a popular control method
for preventing the entry of outdoor airborne particles. The idea is, as long as the supply air flow rate
is larger than return air flow rate, the pressure inside the ventilated room should be positive since the
superfluous air flow must exfiltrate from air leakages or other openings of the room to the outdoors.
Based on experimental and theoretical analyses this paper aims to show the impact of two-way air flow
due to indoor/outdoor temperature difference on preventing the entry of outdoor particles using positive

f;e(;i/(\;\;orrgisr: quality pressure control method. The indoor positive pressure control method is effective only when the size of
Outdoor the opening area is restricted to a certain level, opening degree less than 30° in this study, due to the
Particle two-way air flow effect induced by differential temperature. The theoretical model was validated using

the experimental data. The impacts of two-way air flow due to temperature difference and the supply air
flow rate were also analyzed using the theoretical model as well as experimental data. For real houses,
it seems that the idea about the positive pressure control method for preventing the entry of outdoor
particles has a blind side.
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1. Introduction

Epidemiologic evidence have shown strong association between
exposure to outdoor airborne particles and adverse health effects
[1-3]. In many buildings, large concentrations of ambient particles
penetrate into the indoor environment [4], where people spend
roughly 90% of their time. Consequently, individuals receive a con-
siderable fraction of their exposure to ambient-generated particles
while they are indoors. Therefore, preventing outdoor airborne par-
ticles from entering indoor environments is an important issue
of indoor environment design and control. ASHRAE Handbook [5]
states that the correct internal air flow for a building is toward the
contaminated side, and air flow direction is maintained by control-
ling pressure differentials between spaces. Therefore, one possible
control method is maintaining absolute positive pressure indoors
using a mechanical ventilation system to prevent outdoor parti-
cles from entering the indoor environment. ASHRAE Standard 62.1
[6] also suggests a slightly positive pressurization of buildings. This
method has been widely used in protective environments in hos-
pitals [7]. Sapkota et al. [8] highlighted the especially protective
nature of tollbooths equipped with positive pressure control venti-
lation systems. It has been also used in normal indoor environments
such as residences and offices. In some countries such as Korea, it is
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required by the (mandatory) standard that residences must equip
with a mechanical ventilation system to maintain positive pres-
sure indoors. The effectiveness of positive pressure control used
in protective hospital environments has been well studied [9-11].
However, there were few studies focusing on the effectiveness of
this control method used in normal indoor environments.

Maintaining positive pressure indoors using mechanical venti-
lation system necessitates the use of outdoor fresh air flow that
may contain airborne particles so it is possible that outdoor air-
borne particles can still enter the indoor environment. However,
as long as the filter efficiency in the ventilation system is high
enough and there are no external forces to push outdoor airborne
particles into the indoor environment through gaps in the build-
ing envelope, the concentration of indoor particles should be much
lower than outdoors. In real situation, the influencing factors on
the effectiveness of positive pressure control are complicated. For
instance, when the outdoor wind speed is relatively large, outdoor
particles may penetrate through one of the air leakages in build-
ing envelopes where outdoor pressure is higher than indoor due to
wind pressure effect. Therefore, when designing positive pressure
control system, the effect of wind pressure is always considered
carefully [12].

As long as the supply air flow rate is larger than return air flow
rate and the issue of wind pressure effect is avoided by enhancing
supply air flow rate, the ventilated room would maintain posi-
tive pressure since the superfluous air flow must exfiltrate from
air leakages or other openings of the room to the outdoor envi-
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ronment. This approach makes sense for ventilation engineers
since mass balance is always the first concern. The question is
if this approach always works, or is there any other influencing
factor that can affect the effectiveness of positive pressure con-
trol of the entry of outdoor airborne particles? Can the two-way
air flow due to indoor/outdoor temperature difference become a
major influencing factor? To our knowledge, these questions have
not been well answered. This paper aims to evaluate the impact
of two-way air flow due to temperature difference on prevent-
ing the entry of outdoor airborne particles using indoor positive
pressure control method, based on experimental and theoretical
analyses.

2. Method
2.1. Experimental setup

The experimental configuration is illustrated schematically in
Fig. 1. The indoor chamber which is 2 m x 2 m x 2 m and made from
stainless steel simulates the indoor environment, while the sur-
rounding chamber (6m x 3.6m x4 m, Length x Width x Height)
simulates the outdoor environment. The door simulates an open-
ing in the building envelope that connects the indoor environment
with the outdoor environment. A mechanical ventilation system
with a variable speed fan was installed to control the air param-
eters inside the indoor chamber. The ventilation pattern was set
as supply-only pattern, which means indoor air flow can only exit
from the door. This design ensures indoor positive pressure which
is what expected with the designed ventilation. The dimensions of
the inlet are 250 mm x 250 mm, while the dimensions of the door
are 0.6 m x 1.6 m (Width (W) x Height (H)). The frequency of the fan
can vary from 0 to 50 Hz. The surrounding chamber was relatively
tight-sealed from “real” outside. As shown in Fig. 1, the supply air
was taken out from the outdoor chamber to the indoor chamber
by the fan. Therefore, there was no extra driven force caused by
tight sealed condition to make the air move from outdoor to indoor
chamber.

For investigating the effectiveness of maintaining positive pres-
sure indoors using mechanical ventilation system under different
supply air flow rates, four frequencies of the fan were chosen: 10,
20, 30 and 40 Hz. Before each experiment, the surfaces of indoor
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Fig. 1. Experimental schematic for measuring the effectiveness of mechanical ven-
tilation system for preventing outdoor particles entering indoors through envelop.
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chamber were cleaned up to avoid the influence of particle resus-
pension. At the beginning of each experiment, the air in the indoor
chamber was diluted by the ventilation system for half an hour
to avoid the influence of initial particle concentration. Then the
supply particle concentrations at inlet were measured. After the
whole measurements, the supply particle concentrations at inlet
were re-measured to ensure consistent results. To investigate the
effectiveness of this method for openings with different resistance
characteristics, five opening degrees of the door were chosen: 4.6°,
5.7°,10°, 30° and 90° (totally open). Each experiment was carried
out from opening degree of 4.6-90° (small opening to large open-
ing), and the opening degrees were switched every 15 min. The
particle concentrations indoors and outdoors, supply air velocity in
the duct and pressure difference between indoor and outdoor were
continuously measured during the whole period. The air flow direc-
tions under each supply air flow rate and each opening degree of
the door were measured using visible smoke in repeated indepen-
dent experiments. The outdoor chamber was a quiet environment
without any activity or wind, which simulates a real situation when
outdoor wind speed is near zero. The particle concentrations in the
outdoor chamber were relatively steady as there were no particle
sources, which match to our measurement results. Temperatures
indoors and outdoors were also continuously measured during the
whole period. There was no specific heat source in the chamber. The
supply air temperature was higher than that in outdoor chamber.
All the temperature differences were naturally formed. The temper-
atures in the chambers were relatively steady, which match to our
measurement results. Since each experiment was carried out at dif-
ferent periods, the temperatures in indoor and outdoor chambers
were different in each experiment. These variable temperature dif-
ferences contain different cases for thermal pressure effect, which
help to provide more useful experimental data for model validation.

An air velocity sensor with a precision of 0.01 m/s was installed
near the inlet for measuring the supply air flow rate. Two FLUKE
983 optical particle counters (Fluke Inc.) were used to measure the
particle concentrations. The Fluke 983 simultaneously measures
and records six channels of particle sizes (0.3-0.5 pum, 0.5-1.0 wm,
1.0-2.0 pm, 2.0-5.0 pm, 5.0-10.0 pm and >10.0 wm). The counter
has a coincidence loss of 5% when the particle concentration
is 2,000,000 particles per cubic inch and a 100% counting effi-
ciency when the measured particle diameter is larger than 0.45 pm
[13]. The counters had been calibrated by the manufacturer and
also calibrated prior to each measurement using a Zero Counter
Filter. The particle concentration was measured in the same loca-
tion using the two counters to check if they were consistent.
The two Fluke 983 particle counters can also be used to mea-
sure the temperature with a precision of 0.1°C. A KIMO PM200
differential pressure meter with a precision of 1Pa was used
to measure the pressure difference between indoor and outdoor
environments.

2.2. Theoretical model

The theoretical model presented in this section is based on mass
balance of air flow, particles, and the pressure relationship between
each zone and opening. If the air flow at the door directs from indoor
to outdoor, then the indoor particle concentration is equal to that at
the supply inlet. If the mechanical ventilation system cannot main-
tain absolute positive pressure, two opposite directions shall exist
at the door. In order to calculate the indoor particle concentration,
the air flow rate from outdoor to indoor and from indoor to outdoor
through the door should be calculated. The mass balance equation
of air flow in the indoor chamber can be expressed as:

Qsup + Qout—in = Qin—out> (1)
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where Qsyp is the air flow rate at supply inlet, Qqy¢_ip is the air flow
rate from outdoor chamber to indoor chamber through the door,
and Qj_oy; is the air flow rate from indoor chamber to outdoor
chamber through the door.

The elevation of H/2=0.8 m was assumed as the reference ele-
vation of the door, y=0. The pressure at y can be calculated by:

Pin(y):Pin(O)_pingy, (2)
Pout(y) = Pout(0) — poutgy, (3)

where g is gravitational acceleration. p;, and ooy are the indoor
and outdoor air densities, respectively. The neutral height, y, is at
the position where the air velocity is zero, which is equivalent to
the following equation:

Pin(Y) = Pou(Y), (4)

When |Y| <H/2, the relationship between air flow and pressure
difference at the opening can be described as [14]:

2 28Ap (H 312

Qin—out = §MW ﬁ(j +Y> s (5)
2 2gAp (H 32

Quuin = 5uWy [ 222 (3 -v) (6)

where u is discharge coefficient of the door. Ap is the density dif-
ference between indoor and outdoor air. If |Y| > H/2, there is no
two-way air flow existing at the door opening. In this case, slightly
different formulae are needed [15].

According to Eqs (1)-(6), Qout—in and Qj,_out €an be calculated.
The mass balance equation of particles can be described as:

qupCsup + Qout—incout = Qin—outcin + VdACinv (7)

where Csyp is the particle concentration at supply inlet, Coyt is the
outdoor particle concentration. G, is the indoor particle concentra-
tion, V; is the averaged particle deposition velocity and A is the total
area of surfaces of indoor chamber. Therefore, the indoor particle
concentration can be calculated by:

_ qupCsup + Qout—inCout

C:
" Qin—out + VdA

(8)

Table 2

Table 1
Indoor and outdoor temperatures in each experiment.

Fan frequency Indoor Outdoor Temperature
(Hz) temperature (°C)  temperature (°C)  difference (°C)
10 16.0 13.2 2.8

20 20.8 16.0 4.8

30 26.9 219 5.0

40 25.0 19.0 6.0

3. Results
3.1. Experimental data analysis

Tables 1 and 2 show the measurement results of indoor and
outdoor temperatures, supply air flow rate, pressure difference and
directions of air flow at the door. Obviously, smaller opening degree
of the door would cause higher pressure difference. However, when
the opening degree is large enough, the pressure difference is too
small to be measured which is shown as zero in the differential
pressure meter. The air flow direction tests show that when the
opening degree of the door is larger than 30°, the two-way air flow
exists except for the 40 Hz case. Fig. 2 shows the size-dependent
indoor and outdoor particle concentrations under fan frequency of
20Hz. The trends of particle concentrations in other three cases
are similar to the 20 Hz case. All the experimental data are summa-
rized in Tables 3 and 4. The results of indoor particle concentrations
match well with the air flow direction tests, which also show the
existence of two-way air flow. All the air flow directs from outdoor
to indoor exist at the lower area of the door and the indoor tem-
perature is higher than outdoor temperature in each experiment.
Since there was no wind in the outdoor chamber, the experimental
results indicate that the two-way air flow due to indoor/outdoor
temperature difference affects the transport of outdoor airborne
particles to some extent. The mechanical ventilation system was
supposed to maintain absolute positive pressure indoors to pre-
vent outdoor particles entering indoors. Nevertheless, it was too
weak to prevent the influence of two-way air flow due to tempera-
ture difference with relatively large opening. It seems that the idea
about the positive pressure control method for preventing the entry
of outdoor particles has a blind side.

Figs. 3 and 4 show the ratios of indoor and outdoor particle
concentrations (I/O ratio) and the ratios of supply and outdoor

Supply air flow rate, pressure difference and air flow direction at the door in each experiment.

Fan frequency (Hz) Opening degree (°)

Supply air flow rate (m3/h)

Pressure difference (Pa) Air flow direction?

10 4.6 196
5.7 198

10 200

30 205

90 205

20 4.6 450
5.7 468

10 482

30 491

90 491

30 4.6 745
5.7 770

10 788

30 788

90 788

40 4.6 963
5.7 1028

10 1053

30 1055

90 1055

N

In-out
In-out
In-out
In-out while out-in
In-out while out-in
In-out
In-out
In-out
In-out while out-in
In-out while out-in
In-out
In-out
In-out
In-out while out-in
In-out while out-in
In-out
In-out
In-out
In-out
In-out while out-in

—_

—_ N

N U
ONNOOO=_NNOOOUOOO OO

(=}

2 In-out means air flow directs from indoor to outdoor at the door; out-in means air flow directs from outdoor to indoor; in-out while out-in means two opposite air flow

directions exist, and out-in all exist at lower area of the door.
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Fig. 2. Indoor and outdoor particle concentrations under 20 Hz. Black points rep-
resent outdoor particle concentrations, Blank points represent indoor particle
concentrations.
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Fig. 3. The ratios of indoor and outdoor particle concentrations (/O ratio) when the
door is totally open.

Table 3
Size-dependent outdoor and supply particle concentrations.
Fan frequency Particle Mean outdoor Mean supply
(Hz) size (um) particle particle
concentration (N/L) concentration (N/L)
10 0.3-0.5 3.96E+05 2.61E+05
0.5-1 1.88E+05 7.37E+04
1-2 2.54E+04 4.93E+03
2-5 5.05E+03 8.00E+02
5-10 2.48E+02 1.4E+01
>10 3.5E+01 1E+00
20 0.3-0.5 3.63E+05 2.40E+05
0.5-1 1.36E+05 5.40E+04
1-2 1.54E+04 3.20E+03
2-5 3.08E+03 5.30E+02
5-10 1.53E+02 8.0E+00
>10 1.9E+01 0E+00
30 0.3-0.5 3.27E+05 1.80E+05
0.5-1 1.06E+05 3.50E+04
1-2 9.98E+03 1.95E+03
2-5 2.10E+03 3.20E+02
5-10 1.37E+02 5E+00
>10 2.7E+01 0E+00
40 0.3-0.5 2.41E+05 9.99E+04
0.5-1 7.16E+04 2.00E+04
1-2 7.15E+03 1.24E+03
2-5 1.50E+03 2.36E+02
5-10 5.7E+01 4E+00
>10 1.7E+01 0E+00

particle concentration (S/O ratio) of each experiment when the
door is totally open, respectively. Under each fan frequency, the
I/O ratios are strongly size-dependent. The I/O ratio decreases with
the increase of particle size for two reasons. First, for the particle
size range from 0.3 to 10 p.m, the particle loss due to gravitational
deposition indoors for large particles is much more than that for
small ones. Second, as shown in Fig. 4, the particle loss due to the
removal effect of the ventilation system with filter for large parti-
cles is also much more than that for small ones. Therefore, the I/O
ratio is larger for smaller particles in each experiment.

As shown in Fig. 3, the I/O ratio decreases with the increase
of fan frequency. When the fan frequency increased, the supply
air flow also increased, which makes the mechanical ventilation
stronger to prevent the influence of two-way air flow due to tem-
perature difference and the entry of outdoor particles. Thus, the I/O
ratio for higher fan frequency case is lower. However, as shown in
Table 1, the temperature difference is larger for the higher fan fre-
quency case, which may cause larger two-way air flow effect. But
in these experiments, the differences of two-way air flow effect
among these four experiments are not big enough to change the
trend of I/O ratios with fan frequency. Detailed analysis for two-way
air flow effect is performed in the next section.
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Fig. 4. The ratios of supply and outdoor particle concentrations (S/O ratio).
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Table 4a
Indoor particle concentrations for particles with diameter in the range of 0.3-0.5 pum.
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Fan frequency Opening degree of Mean indoor particle Fan Frequency Opening Mean indoor particle
(Hz) the door (°) concentration (N/L) (Hz) degree (°) concentration (N/L)
10 4.6 2.61E+05 30 4.6 1.80E+05
5.7 2.61E+05 5.7 1.80E+05
10 2.61E+05 10 1.80E+05
30 3.63E+05 30 1.79E+05
90 3.63E+05 90 1.98E+05
20 4.6 2.40E+05 40 4.6 9.99E+04
5.7 2.40E+05 5.7 9.99E+04
10 2.40E+05 10 9.99E+04
30 2.79E+05 30 9.99E+04
90 3.04E+05 90 1.28E+05

When comparing these experiments with the situation in real
houses, some implications can be obtained. The experimental sup-
ply air flow simulates the superfluous air flow of mechanical
ventilation in real houses. The selected supply air flow rates are
larger than 200 m3/h for a small room with volume of 8 m3 i.e. the
superfluous air exchange rates are larger than 25ACH which is quite
huge in real houses with a mechanical ventilation system. Thus,
in real houses, the superfluous air exchange rates by mechanical
ventilation should be lower, which results in the weaker effective-
ness of maintaining positive pressure for preventing the entry of
outdoor particles when the opening area is relatively large. Fur-
thermore, the temperature differences in the experiments were in
the range of 2.8-6.0°C, while in real situation, especially in win-
ter or summer, the indoor/outdoor temperature difference may be

Table 4b
Indoor particle concentrations for particles with diameter in the range of 0.5-1 wm.

up to 30°C, which can result in much more stronger two-way air
flow effect on the positive pressure control of the entry of outdoor
particles. Therefore, in real houses, this positive pressure control
method may not work all the time.

3.2. Validation of the theoretical model

Experimental data were used to validate the theoretical model
presented in this study. Since the concentrations of particles with
diameter larger than 5 wm are quite low, only the concentration
data of particles with diameter in the range of 0.3-5 um were
selected for validation. Two key parameters of the model; supply air
flow rate and temperature difference between indoor and outdoor,

Fan frequency (Hz) Opening degree of Mean indoor particle Fan frequency Opening Mean indoor particle
the door (°) concentration (N/L) (Hz) degree (°) concentration (N/L)
10 4.6 7.37E+04 30 4.6 3.50E+04
5.7 7.37E+04 5.7 3.50E+04
10 7.37E+04 10 3.50E+04
30 1.52E+05 30 3.50E+04
90 1.52E+05 90 4.12E+04
20 4.6 5.40E+04 40 4.6 2.00E+04
5.7 5.40E+04 5.7 2.00E+04
10 5.40E+04 10 2.00E+04
30 7.54E+04 30 2.00E+04
90 9.00E+04 90 2.73E+04

Table 4c
Indoor particle concentrations for particles with diameter in the range of 1-2 pm.

Fan frequency Opening degree of Mean indoor

Fan frequency Opening degree (°) Mean indoor

(Hz) the door (°) particle (Hz) particle
concentration (N/L) concentration (N/L)
10 4.6 4.93E+03 30 4.6 1.95E+03
5.7 4.93E+03 5.7 1.95E+03
10 4.93E+03 10 1.95E+03
30 1.73E+04 30 2.48E+03
90 1.73E+04 90 2.48E+03
20 4.6 3.20E+03 40 4.6 1.24E+03
5.7 3.20E+03 5.7 1.24E+03
10 3.20E+03 10 1.24E+03
30 5.11E+03 30 1.24E+03
90 6.46E+03 90 1.70E+03
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Table 4d
Indoor particle concentrations for particles with diameter in the range of 2-5 pm.

Fan frequency (Hz) Opening degree of Mean indoor Fan frequency (Hz) Opening degree (°) Mean indoor
the door (°) particle particle
concentration (N/L) concentration (N/L)
10 4.6 8.00E+02 30 4.6 3.20E+02
5.7 8.00E+02 5.7 3.20E+02
10 8.00E+02 10 3.20E+02
30 3.28E+03 30 4.80E+02
90 3.28E+03 90 4.80E+02
20 4.6 5.30E+02 40 4.6 2.36E+02
5.7 5.30E+02 5.7 2.36E+02
10 5.30E+02 10 2.36E+02
30 1.00E+03 30 2.36E+02
90 1.30E+03 90 3.10E+02
Table 4e
Indoor particle concentrations for particles with diameter in the range of 5-10 pm.
Fan frequency (Hz) Opening degree of Mean indoor Fan frequency (Hz) Opening degree (°) Mean indoor
the door (°) particle particle
concentration (N/L) concentration (N/L)
10 4.6 1.4E+01 30 4.6 5E+00
5.7 1.4E+01 5.7 5E+00
10 1.4E+01 10 5E+00
30 1.54E+02 30 1.7E+01
90 1.54E+02 90 1.7E+01
20 4.6 8.0E+00 40 4.6 4E+00
5.7 8.0E+00 5.7 4E+00
10 8.0E+00 10 4E+00
30 4.9E+01 30 4E+00
90 4.9E+01 90 7E+00
Table 4f
Indoor particle concentrations for particles with diameter larger than 10 pm.
Fan frequency (Hz) Opening degree of Mean indoor Fan frequency (Hz) Opening degree (°) Mean indoor
the door (°) particle particle
concentration (N/L) concentration (N/L)
10 4.6 1E+00 30 4.6 0E+00
5.7 1E+00 5.7 0E+00
10 1E+00 10 0E+00
30 1.0E+01 30 2E+00
90 1.0E+01 90 2E+00
20 4.6 0E+00 40 4.6 0E+00
5.7 0E+00 5.7 0E+00
10 0E+00 10 0E+00
30 5E+00 30 0E+00
90 5E+00 90 1E+00

were variables from the experiments, which make the validation
more reliable. The discharge coefficient is another key parameter
of the model since it represents the resistance characteristics of the
opening, which is usually obtained by experiments. For totally open
doors, the discharge coefficient can be set at 0.78, since experiments
by Weber and Kearney [16] have shown that this value works well
for most applications. Therefore, the experimental data of totally
open cases were used for validation. The deposition velocity has
been well reviewed by Lai [17]. Since the air exchange rate is quite
large in the experiments, the deposition velocities were chosen in
the summary by Lai [17] for large air exchange rate: 1.5E-04 m/s
for 0.3-0.5 wm, 2.0E-04 m/s for 0.5-1 pm, 5.0E-04 m/s for 1-2 wm
and 6.0E—04 m/s for 2-5 p.m. The comparison of experimental data
and calculated data of indoor particle concentrations is summa-
rized in Table 5. The mean (S.D.) relative error between analysis
model and experimental data is 10.0 +5.2%. Therefore, the model
was well validated.

3.3. Determining the discharge coefficient with the theoretical
model

Combined with the measured particle concentrations and sup-
ply air flow rate, the theoretical model can be used to determine
the discharge coefficient for the door under different opening
degrees, which is one of the key parameters for further analysis.
Through modeling the cases using different discharge coefficients
for 30° cases, we found that when the discharge coefficient was
0.65, the mean (S.D.) relative error between the experimental
data and calculated data was 11.2% (9.4%). The detailed informa-
tion is summarized in Table 6. The discharge coefficient for 4.6°,
5.7°and 10° openings of the chamber door cannot be obtained
using this method since the two-way air flow effects due to tem-
perature difference under these opening degrees are not strong
enough to force the outdoor particles to enter the indoor cham-
ber.
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Table 5
Comparison of experimental data and calculated data of indoor particle concentrations when the door is totally open.
Fan frequency (Hz) Particle size (m) Experimental data (N/L) Calculated data (N/L) Error?
10 0.3-0.5 3.63E+05 3.28E+05 9.7%
0.5-1 1.52E+05 1.33E+05 12.5%
1-2 1.73E+04 1.51E+04 13.0%
2-5 3.28E+03 2.87E+03 12.4%
20 0.3-0.5 3.04E+05 2.84E+05 6.7%
0.5-1 9.00E+04 8.45E+04 6.1%
1-2 6.46E+03 7.59E+03 17.5%
2-5 1.30E+03 1.44E+03 10.7%
30 0.3-0.5 1.98E+05 1.97E+05 0.6%
0.5-1 4.12E+04 4.37E+04 6.0%
1-2 2.48E+03 2.89E+03 16.4%
2-5 4.80E+02 5.28E+02 10.0%
40 0.3-0.5 1.28E+05 1.08E+05 15.4%
0.5-1 2.73E+04 2.32E+04 15.1%
1-2 1.70E+03 1.58E+03 6.8%
2-5 3.10E+02 3.08E+02 0.5%
Total: mean (S.D.) 10.0+£5.2%
Cin,exp—Cin, cal
a Error (%) = = x 100 Gipexp is experimental data of indoor particle concentration; Gy, ca is calculated data of indoor particle concentration.

in,exp

3.4. Analysis of two-way air flow due to temperature difference
with the theoretical model

The studied temperature differences were set in the range of
0-10°C. The indoor chamber temperature was set at 20 °C. All the
inputs were the experimental data including supply air flow rate,
geometry of the chamber rooms and the supply and outdoor parti-
cle concentrations. Fig. 5 shows the ratios of indoor and outdoor
particle concentrations under different temperature differences.
When the temperature difference is relatively low, the I/O ratio
equates to the S/O ratio due to the strong effectiveness of the
mechanical ventilation system. When the temperature difference
is relatively high, the I/O ratio would increase with the increase
of temperature difference. Therefore, due to the effect of two-way
air flow there is a threshold that mechanical ventilation system
can preserve by maintaining absolute positive pressure to prevent
outdoor particles from entering indoor spaces. For particles with
diameter in the range from 0.5 to 1 wm under the conditions of
total opening, the thresholds for each situation are: 0.1 °C for 10 Hz,
0.5°C for 20Hz, 1.7 °C for 30 Hz and 3.0 °C for 40 Hz. For 30° open-
ing, the thresholds for each situation are: 0.1 °C for 10 Hz, 0.7 °C for
20Hz, 2.2°C for 30Hz and 4.0°C for 40 Hz. When the temperature
differences are higher than the thresholds, the positive pressure
control method cannot prevent outdoor particles entering to indoor

environment. In real situation, tiny indoor/outdoor temperature
difference such as 0.1 °C is impossible to be avoided. Therefore, if
the opening area is relatively large, it is difficult to avoid two-way
air flow in real situation even when the supply air flow rate is quite
large (e.g. the supply air flow rate in the experiments).

3.5. Analysis of the satisfied supply air flow rate with the
theoretical model

In the experiments if the supply air flow rate is large enough
when the opening degree of the door is larger than 30°, the effec-
tiveness of positive pressure control method can be satisfied. Using
the validated model and the experimental inputs, the relationship
between I/O ratio and supply air flow rate can be analyzed. Supply
air flow rate varies from 0 to 2400 m3/h. All the other inputs were
the experimental data including temperature differences, geom-
etry of the chamber rooms and the supply and outdoor particle
concentrations. Fig. 6 shows the ratios of indoor and outdoor parti-
cle concentrations under different supply air flow rates. The larger
supply air flow rate causes lower I/O ratio for all the cases until
supply air flow reaches the satisfied value. The satisfied supply air
flow rate means the threshold supply air flow value that can totally
prevent outdoor particles from entering indoor spaces through the
door. When the supply air flow rate is equal or larger than the sat-

Table 6
Comparison of experimental data and calculated data of indoor particle concentrations when the opening degree of the door is 30°.

Fan frequency (Hz) Particle size (pm) Experimental data (N/L) Calculated data (N/L) Error?

10 0.3-0.5 3.63E+05 3.18E+05 12.3%
0.5-1 1.52E+05 1.25E+05 17.5%
1-2 1.73E+04 1.37E+04 20.7%
2-5 3.28E+03 2.60E+03 20.8%

20 0.3-0.5 2.79E+05 2.74E+05 1.7%
0.5-1 7.54E+04 7.85E+04 4.1%
1-2 5.11E+03 6.71E+03 31.2%
2-5 1.00E+03 1.26E+03 25.6%

30 0.3-0.5 1.79E+05 1.87E+05 4.7%
0.5-1 3.50E+04 3.92E+04 11.9%
1-2 2.48E+03 2.39E+03 3.5%
2-5 4.80E+02 4.19E+02 12.6%

40 0.3-0.5 9.99E+04 1.01E+05 1.3%
0.5-1 2.00E+04 2.06E+04 3.0%
1-2 1.24E+03 1.29E+03 4.4%
2-5 2.36E+02 2A47E+02 4.6%

Total: mean (S.D.) 11.2+9.4%

G G

in,exp ~“in,cal
2 Error (%) = =

in,exp

x 100 G exp is experimental data of indoor particle concentration; Gy, is calculated data of indoor particle concentration.
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Fig. 5. The ratios of indoor and outdoor particle concentrations under different temperature differences: (a) 0.3-0.5 wm; (b) 0.5-1 wm; 1-2 wm; (d) 2-5 pm.

isfied value, the I/O ratio equates to the S/O ratio. For particles with
diameter in the range from 0.5 to 1 wm, the satisfied supply air
flow rates for total opening cases are: 1000m3/h for At=2.8°C,
1300 m3/h for At=4.8°C, 1300 m3/h for At=5.0°C and 1400 m3/h
for At=6.0°C. For 30° opening, the satisfied values are: 800 m3/h
for At=2.8°C, 1000 m3/h for At=4.8°C, 1000 m3/h for At=5.0°C
and 1100 m3/h for At=6.0°C.

4. Discussion

Although the experimental data presented in this study prove
the weak effectiveness of the positive pressure control method for
keeping away outdoor particles, real situations are more compli-
cated than the experiment. The geometry and position of openings
or cracks in building envelopes, the outdoor wind pressure and the
temperature difference between indoor and outdoor environments
can affect the effectiveness of this control method. Fortunately, the
theoretical model has been well validated using experimental data,
which can be used to do further analysis other influencing factors
for this control method in real houses. Moreover, since mechanical
ventilation consumes fan energy compared with the simple natu-
ral ventilation method by opening windows, it is very important
to understand whether this control method really works in reality,
and evaluate whether it is cost effective since the energy problem
is quite important now. The effectiveness as well as the cost of out-
door particle control methods should be further analyzed through
comparison with each other.

The particle concentration data in this study were collected by
using a relatively large door size in a relatively smaller cham-
ber compared to most residential and office spaces. In typical
indoor/outdoor particle measurement experiments, as long as
the filtered air contains fewer amounts of particles, it has been

observed that positive pressure helps reduce the particle levels
indoors. When air is passively exchanged by opening windows or
doors, the indoor particle concentration was obviously increased.
However, the level of increment by opening windows with pos-
itive pressure ventilation was lower than that observed without
mechanical ventilation. Therefore, the actual effectiveness of the
positive pressure control method may be underestimated from this
point of view.

Indoor positive pressure control method has been recom-
mended and used in some normal indoor environments such as
residences and offices (in some cases the main goal is for control-
ling indoor air temperature and humidity). Although the occupants
are recommended to close the windows or doors, some still open
them for other purposes, because they were convinced that as long
as the supply air flow rate is larger than return air flow rate, the
ventilated room would maintain positive pressure since the super-
fluous air flow must exfiltrate to outdoors. This idea makes sense
for most people even the ventilation engineers since mass bal-
ance is always the first concern. However, they did not realize the
two-way air flow due to temperature difference may “break” the
positive pressure indoors. Thus, this impact should be analyzed for
enhancing the understanding of indoor positive pressure control
method. Additionally, it should be noticed that recommendation
of closing windows or doors is for energy saving, however, occu-
pants like to open windows because they want more fresh air and
better indoor air quality. Therefore, the strategy of achieving the
balance between energy saving and indoor air quality deserves
further study.

Additionally, this method can result in indoor pressurization,
which is generally unacceptable in very cold climates because the
exfiltrating air can cause condensation in the building envelope
[18]. The condensation may cause additional air pollution in indoor
environments, which needs to be considered carefully.
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Fig. 6. (a) The ratios of indoor and outdoor particle concentrations under different supply air flow rates: (a) 0.3-0.5 wm; (b) 0.5-1 um; 1-2 wm; (d) 2-5 pm.

5. Conclusions

This study presents experimental data and theoretical model
to analyze the impact of two-way air flow due to indoor/outdoor
temperature difference on preventing outdoor particles from
entering indoor environments using indoor positive pressure con-
trol method. Within the scope of this research, the following

conclusions can be made:

(1) The indoor positive pressure control method is effective only
when the size of the opening area is restricted to a certain level,
opening degree less than 30° in this study, due to the two-way
air flow effect induced by differential temperature.

(2) In real houses, the superfluous air exchange rates by mechan-
ical ventilation should be lower than that in experiments, and
the indoor/outdoor temperature difference may be up to 30°C
(much larger than that in experiments), which can result in
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much more stronger two-way air flow effect on the positive
pressure control of the entry of outdoor particles. Therefore,
in real houses, this positive pressure control method may not
work all the time.
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