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The airflow movement inside a multizone building has a significant impact on pollutant transfer, thermal comfort, and indoor air
quality. However, there are difficulties in visualizing the airflow movement with existing methods. This study proposes a
visualization method for evaluating airflows between adjacent internal zones inside a multizone building based on the analysis
of pressure difference frequency. After the distribution of absolute pressure is measured and the wind pressures on the surfaces
of the building are calculated, the variation of pressure differences between each couple of adjacent zones is analyzed for three
levels: greater than 0Pa, equal to 0Pa, and less than 0Pa (for any given zones selected as target zones). Finally, an airflow
mapping is created for each floor using the visNetwork tool based on the R language. A target building was selected for
applying the proposed method. The airflow mappings were derived from a detailed analysis of the pressure difference
frequency between each couple of adjacent zones, presenting the variations of airflow direction and the dominant airflow
during the measurement period in a visualized form. For example, the airflow direction from 1F_Z2 to 1F_Z3 is 92.0%. The
spatial similarity in the variations of the airflow directions can also be observed on certain floors. The results of this
experimental study show that the airflows between multiple zones can be easily identified without a complex building zone
analysis. The variation in internal airflow direction between adjacent zones can be intuitively visualized, providing insight to
the airtightness levels of building components. It is also observed that the airflow rates computed based on the airflow
mappings can provide more guidance for the control of HVAC systems.

1. Introduction

Many buildings employ building management systems
(BMS) combined with abundant sensors and sub-meters to
monitor the variation of building environmental parameters
and optimize the operational characteristics of their HVAC
systems [1, 2]. However, most existing BMS cannot provide
meaningful visual analytics that convert the measured data
into visualized results to allow efficient interactions for
building operators [3]. The existing visualization tools used
in BMS are mainly for the visualization of energy use during

HVAC system operation, where examples of such existing
tools include Sankey diagrams [4], energy flow maps [5],
and basic line or bar charts for analyzing and visualizing
energy flows [6, 7].

However, building energy performance is highly related
to airflow movement inside buildings, and airflow move-
ment has a huge impact not only on energy consumption
[8] but also on pollutant transfer [9] and occupants’ thermal
comfort [10], since the airflows inevitably transfer heat and
gas or dust pollutants. In particular, the outbreak of the
COVID-19 epidemic has drawn attention to the effect of
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airflow patterns on the transmission of airborne diseases
across indoor spaces [11]. Thus, it is necessary to analyze
airflow movement for the operation of the HVAC system
and for the control of indoor environmental parameters. In
addition, if the visualization of the airflow movement can
be integrated with the BMS, then building operators will be
able to more readily understand and more efficiently opti-
mize the control of building systems by interacting with
the visualized results.

Airflow movement inside a multizone building is induced
by a combination of driving forces created by the stack effect,
wind effect, and mechanical systems [12]. The pressure differ-
ences across partitions drive airflow into, out of, and within a
building when there are leakage paths in the partitions [13,
14]. Moreover, the complex airflows between internal zones
are also influenced by various factors such as the zone layout,
occupant behavior, and operation state of the HVAC system.
Compared to indoor environmental parameters like tempera-
ture and humidity, it is a more challenging task to measure the
variation of air movement between zones. In particular, the
sizes of openings and the real-time variation of air velocity
need to be measured before airflow rates can be calculated
based on Bernoulli’s equation. In some studies, thermal ane-
mometers [15] or velocity profiling [16] have been applied
for measuring air velocity at window openings. These tech-
niques invariably lead to incorrect velocity magnitudes, espe-
cially for points with unsteady flow characteristics. Thus,
there are technical difficulties in analyzing the airflow move-
ment inside multizone buildings.

Experimental measurement and model simulation are
two main methods available for evaluating airflow perfor-
mance inside a multizone building. Field measurements are
usually performed by either the multiple tracer gas tech-
nique [17] or the constant-concentration technique [18],
which provide reliable quantitative information and address
the air change rates between internal zones and between
indoor and outdoor spaces. Some innovative methods such
as the cyclic atmospheric CO, variation method [19] and
the TMBE Kalman filtering method [20] allow the measure-
ment of a fluctuating airflow rate. However, the field mea-
surements above are mainly for evaluating the effect of
ventilation inside buildings rather than for visualizing the
airflow movement. For airflow visualization, particle image
velocimetry (PIV) is usually used, which allows the visualiza-
tion of complex internal flow patterns by tracking tracer par-
ticles seeded in the air to obtain the velocity field [21].
However, PIV is more suitable for small-scale measurements
than full-scale measurements due to the fact that PIV is
often restricted to a space having an unobstructed field of
vision [21].

In order to assess the airflow patterns considering the
dependencies on building geometry, opening configurations,
and climatic conditions, modeling methods are frequently
applied in evaluating the characteristics of airflows inside
buildings [22]. Analytical and empirical models are used to
evaluate the airflow rate using fluid flow equations. How-
ever, these models suffer from a large number of assump-
tions, simplifications, and approximations for closing the
system of equations, which compromise the accuracy of the
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results [23]. Multizone network models are implemented to
solve airflows between adjacent zones or between indoor and
outdoor spaces [24]. These models represent the characteris-
tics of zones using connected nodes that have homogeneous
state parameters for temperature, contaminant concentration,
and the like [25, 26]. Some researchers [27, 28] have per-
formed detailed reviews of multizone network models. Several
commercial programs based on multizone network models are
available for use, such as CONTAM [29] and COMIS [30].
Johnson et al. [31] evaluated the natural ventilation perfor-
mance of a building with four commonly used models. The
results of the study by Johnson et al. show that the perfor-
mance is closely related to certain coefficients such as the
opening discharge coeflicient and that the network models
might be less accurate for large openings.

All in all, in the above methods for the analysis of airflow
movement inside multizone buildings, there are difficulties in
measuring the airflow rates by field measurements, and even if
the airflow movements can be visualized by the PIV method, it
is not suitable for the airflow analysis of an entire multizone
building, as they cannot provide visualized airflow movement
between each couple of adjacent zones in real time. As
described before, airflows across building components are
driven by pressure differences, and airflow rates are governed
by the magnitude of the pressure differences and the airtight-
ness level of the target components. In particular, the direction
of airflows may change in accordance with the direction of the
pressure differences [14]. In addition, airflow rates inside a
building cannot be measured conveniently, whereas the pres-
sure distribution in all zones of the building can be monitored
in real time. Therefore, it is possible to monitor the magni-
tudes and directions of the pressure differences across building
components from the pressure sensor network deployed
inside a building. The pressure distribution of all zones can
be derived from the monitored pressure values, and further,
the visualization of airflow movement can be achieved by
using a visualization tool. Especially for buildings with detailed
requirements on airflow patterns, such as hospital operating
rooms and negative pressure isolation wards (NPIW) [32],
the airflow movement can be visualized just by monitoring
the pressure distribution in each zone, allowing building oper-
ators to easily apply their knowledge and take actions against
the variation of airflows.

In this study, a visualization method for airflow move-
ment is developed by analyzing the pressure difference fre-
quency between each couple of adjacent zones. The
method can convert the measured pressure values into use-
ful visual representations and present the airflow mapping
of each floor. The visualization method is also demonstrated
by actual pressure data collected from a 4-story multizone
building located in South Korea, and the airflow mapping
of each floor is finally presented. The visualization method
can also be integrated with the BMS to provide more com-
prehensive information for building operators.

2. Methodology

2.1. Driving Forces for Airflow Movement inside a Multizone
Building. The airflows between adjacent zones are driven by
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pressure differences induced by a combination of the stack
effect (AP,), wind effect (AP,) and mechanical systems
(AP,,), as shown in [33]

AP, = AP, + AP, + AP, (1)

AP, is mainly derived from the compound impact of a
temperature difference and a height difference between
indoor and outdoor air, which create airflows across the
building’s envelope and interior components [33], and is
usually the dominant force driving airflow movement in a
high-rise building, especially during cold periods [34]. It
can also be seen that a greater temperature difference and
a greater building height usually lead to larger stack pressure
differences.

AP, highly depends on wind speeds, wind angles acting
on building surfaces, the building shape, and conditions of
the surrounding area [17]. Furthermore, wind speeds and
wind pressures on a building fagade all increase significantly
with building height, resulting in a wide pressure range over
the building fagade [35]. Upper floors experience larger wind
pressures than lower floors. Also, during mild weather con-
ditions, AP, is usually very low for low-rise buildings. The
relative importance of AP, and AP, in a building is closely
related to the building height, internal resistance, and build-
ing envelope [17].

AP, is determined by the directions of supply and return
air volumes and the difference in these flows, leading to the
various patterns of indoor air balance [17]. The regulation of
indoor static pressure should make sure that all airflows
entering through openings in the building envelope are bal-
anced by the airflows induced by mechanical equipment. In
particular, the zones in which the supply air volume is
greater usually have a higher absolute air pressure compared
with other zones [36].

2.2. Outline of the Suggested Visualization Method for
Airflow Movement. It is widely acknowledged that the direc-
tion of airflow across any building component is mainly
maintained by the direction of the pressure difference and
that the related airflow rates are determined by the magni-
tude of the pressure difference and the airtightness level of
the target component. Moreover, corridor pressurization or
differential pressure instrumentation is also employed inside
buildings to regulate the airflow movement based on the
changing pressure difference. As mentioned before, it is pos-
sible to obtain the pressure variation of all zones with pres-
sure sensors equipped in each zone and evaluate the
airflow movement from an analysis of the directions and
magnitudes of the pressure differences. Therefore, this study
proposes a method for evaluating the airflow movement
between each couple of adjacent zones based on a frequency
analysis of the pressure difference and visualizing the evalu-
ated results. The suggested method can provide detailed
information on the spatial relations between internal zones
and can present visualized results of the changing airflow
directions between adjacent zones. As shown in Figure 1,
this method consists of 5 steps: (I) establishing a database
for pressure distribution; (II) obtaining the variation of pres-

sure difference (AP); (III) analyzing the variation of AP fre-
quency between adjacent zones; (IV) evaluating the airflow
movement between adjacent zones; and (V) visualizing the
airflow movement between adjacent zones. The detailed pro-
cedures for each step are as shown below:

Step I: Establishing a database for pressure distribution.

(i) A pressure sensor device is installed in each zone of
each floor, and the variation of absolute pressure
with time is monitored

(ii) The variation of wind pressure on each side of the
building fagade is also calculated by using the local
wind conditions provided by a weather station

Step II: Obtaining the variation of the pressure difference (AP).

(i) The spatial relationships between zones are identi-
fied by field investigations

(ii) Based on the spatial connections, the real-time pres-
sure difference (AP) of each couple of adjacent zones
and the wind pressure difference acting on each zone
are calculated

Step III: Analyzing the variation AP frequency between
adjacent zones.

(i) Based on the variation of AP, the AP frequencies are
analyzed at three levels for each target zone according
to the magnitude of the AP

Level 1: frequency of AP being less than 0
Level 2: frequency of AP being equal to 0
Level 3: frequency of AP being larger than 0

(ii) The AP frequency analysis is performed for all zones,
and the frequency results are summarized for each
floor

Step IV: Evaluating the airflow movement between adja-
cent zones.

(i) A target zone is first selected, and all zones adjacent
to this zone are identified. For example, the adjacent
zones of target zone Z1 are Z2, 73, and Z4

(ii) The pressure difference frequency results for the
corresponding adjacent zones are identified. For
example, the frequency variation of the pressure dif-
ference between Z1 and Z2 (two adjacent zones) is
identified

(iii) The airflow movement between selected adjacent
zones is evaluated based on the pressure frequency
results. For example, when the AP between Z1 and
72 is greater than 0 with a frequency of 70%, this
indicates that the airflow direction is from Z1 to
Z2 at 70% frequency. In contrast, the airflows move
from Z2 to Z1 at frequency of 10% when the AP is
smaller than 0
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Ficure 1: Flowchart of the proposed method.

(iv) The analyzed results are obtained for all adjacent
zones on each floor

Step V: Visualizing the airflow movement between adja-
cent zones

(i) The evaluated results for the airflow direction varia-
tion between each couple of adjacent zones are
organized into a table by floor

(ii) The airflow movement is visualized with the R
package tool visNetwork [37]

(iii) The airflow mapping of each floor is obtained

As in the detailed explanation of the method provided
above, the airflow mappings of each floor can be finally
derived, and the variation of the airflow direction between
each couple of adjacent zones can also be identified by the
intuitive visualization of airflow movement.

3. Pressure Data Collection in a Multizone Low-
Rise Building

For verifying the applicability of this proposed method,
24-hour pressure measurements were performed inside a
real multizone building. The following sections present a
description of the target building and instrumentation used,

as well as a detailed explanation of the absolute pressure
and wind pressure values collected in the real building.

3.1. Building Description. The measured building is a 4-story
multizone office building located in Incheon, Republic of
Korea. The specifications of the building are shown in
Figure 2. In the floor plan of the building, each story is con-
nected by the atrium, and staircases run between the down-
stairs and upstairs. Two elevators and one staircase are
installed in this building for vertical traffic. A curtain wall
system serves as the envelope for this target building. There
is no central HVAC system installed in the building, with
split air conditioners and the multi split systems of air con-
ditioners employed instead in some rooms for heating and
cooling. Also, there are no exhaust fans or other ventilators
in either the restrooms or other rooms. The total number
of interior zones is 22, as shown in Figure 2(b), with 4 zones
for the 1st floor, 5 zones for the 2nd floor, 4 zones for the 3rd
floor, and 9 zones for the 4th floor, separately.

3.2. Absolute Pressure Measurement of Internal Zones. Due
to the fact that the airflow between adjacent zones is driven
by the pressure difference, the field measurement was taken
on a windy day, and the windows and doors between mea-
sured zones were closed for developing an apparent under-
standing of the pressure difference between adjacent zones.
A 24-hour field measurement of all zones in this target
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Summary of the target building

Location Incheon, Korea 1F-73

Year of completion 2016

9 2F-72
F{74

[X

Dimensions (mm) 39600 (L), 54500 (W), 19500 (H)
4 (above ground)

Number of floors

Function office

1F-74

I@I y 2F-%1 g M

2F_75

3F-72 &

V]

SEZ 4F-76 4R77  4pz8
4F-79
(a) Outside view (b) Zone distribution in the floor plan
FIGURE 2: Specifications of the target building.
TaBLE 1: Instrument specifications.
Instrument Picture Specifications

Pressure monitoring system A
(data receiver and logger)

Communication: RF communication

Function: receive real-time measured data
from multiple B systems

Pressure monitoring system B
(pressure sensors)

Model: model PTB110
Range: 800 to 1100 hPa
Accuracy: £0.30 hPa at +20°C
Repeatability: £0.03 hPa
Interval: 5s (minimum)
Storage: 8 GB

Function: monitor real-time absolute pressure
and communicate with system A

Absolute pressure gauge
(standard absolute pressure)

Model: model PTB330 class A
Range: 500 to 1100 hPa
Accuracy: £0.10 hPa at +20°C
Repeatability: +0.03 hPa

Function: monitor real-time absolute
pressure and provide standard value

building was carried out in this study. Unlike temperature
and humidity, the absolute pressure on the floor surface
always remains the same everywhere in a single zone, and
a large pressure difference cannot be detected between differ-
ent points on the floor surface. Therefore, the absolute pres-
sure in each zone shown in Figure 2 was measured at the
floor surface of the zones simultaneously by using the self-
developed absolute pressure monitoring systems A and B
shown in Table 1. For this measurement, 2 system A and
22 system B were deployed inside the target building. The
limited number of system B was connected to a system A
by a wireless network. System A serves as a data receiver

and processor, and system B serves for absolute pressure
monitoring. The system B with a repeatability of +0.03 hPa
allows accurate determination of the pressure fields even if
the accuracy falls to +0.30hPa compared with external
ambient air pressure. Also, the absolute pressure value
detected by the absolute pressure gauge acts as a reference
air pressure rather than the exterior ambient air pressure.
All of the devices were calibrated to the reference pressure
values before the actual measurement. Thus, the pressure
difference relationships between adjacent zones were able
to be accurately determined under an allowable repeatability
of +0.03 hPa.
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FIGURE 3: Pressure distribution in the target building: (a) Variation of absolute pressure with time on each floor. (b-f) Pressure difference

between adjacent zones on each floor.

TaBLE 2: Recommended values for the atmospheric boundary layer parameters.

Description Exponent a Layer thickness § (m)
Large city centers 0.33 460
Urban and suburban areas, wooded areas, etc. 0.22 370
Open terrain with scattered obstructions having heights less than 9 m 0.14 270
Flat, unobstructed areas 0.10 210
The measured overall pressure distribution in all of the Uy’
zones in the target building is shown in Figure 3. Although P, =Cpp, > 2)

the overall tendencies of absolute pressure over time on
different floors are similar among zones, as shown in
Figure 3(a), there are still effective pressure differences
between adjacent zones which can significantly impact the
airflow movement between zones on the same floors as
shown in Figures 3(b)-3(d). Therefore, the collected data
on the pressure difference between adjacent zones is suitable
for verifying this proposed method.

3.3. Estimation of Wind Pressure on Building Surface. As
mentioned before, wind also causes variable surface pressure
on the building envelope that has an apparent effect on air
infiltration and exfiltration and is thus especially relevant
when considering changes in interior pressures. Generally,
wind creates a positive pressure on the windward face and
a negative on the roof and leeward face of a building, causing
outside air to flow from the windward faces toward the
leeward faces [17]. The wind pressure can be calculated as
Equation (2) [17]. In particular, the approach wind speed
Uy in Equation (3) is always estimated by the wind speed
U et from the local meteorological station, with corrections
applied in regard to terrain and height, as shown in [17]

8

Amet H a
— met - . 3
UH Umet < Hmet) ( S > ( )

Here, P, is the wind surface pressure relative to outdoor
static pressure in undisturbed flow (Pa); C, is the dimen-
sionless wind pressure coefficient; p, is outdoor air density
in kg/m’ Uy, is the approach wind speed at the height of
the upwind wall; U, is the hourly wind speed from a mete-
orological station in m/s; 8, is the atmospheric boundary
layer thickness for the meteorological station in m (typical
value: 270m); § is the wind boundary layer thickness for
the local building terrain in m; H_,, is the height of the
meteorological station in m (typical value: 10m); H is the
wall height in m; a,,, is the dimensionless atmospheric
boundary exponent for the meteorological station (typical
value: 0.14); and a is the atmospheric boundary layer expo-
nent for the local building terrain. ASHARE 2017 [17] pro-
vides the detailed values for the atmospheric boundary
layer parameters a and §, as shown in Table 2, and exponent
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FIGURE 4: Wind conditions of Incheon on Sept. 3rd.

a for 0.22 and layer thickness § for 370 m are suitable for this
target building based on the actual location of this building.

The wind conditions during the measurement period are
shown in Figure 4, and there were no extreme conditions

such as high-speed wind lasting for an extended time. The
frequency of the wind speed in the [2,3) interval was the
highest with 39.03%, and the mean wind speed was 3.13 m/s.
It is reasonable to consider the major wind direction of 89"
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FIGURE 5: Building geometry with building sides a-d; dimensions L, W, and H; wind angle 6.

(almost the E direction) to represent the wind direction during
the measurement period due to the fact that the wind direction
changed in a narrow range shown in Figure 4(b).

As shown in Equation (2), the wind pressure coefficient
Cp is the most important factor affecting the surface wind
pressure of the envelope. However, costly wind tunnel model
tests or full-scale tests are required for a completely accurate
determination of Cp, especially when used for a high-rise
building [38]. For a low-rise building, parametric equations
are mainly applied to estimate the value, and the method
provided by Swami and Chandra is frequently adapted by
researchers [39, 40], as shown in Equation (4). Swami and
Chandra also suggested that Cp(0o) value of 0.6 can be
probably used for all low-rise buildings.

6
Cp=Cp(0°)In |1.248-0.703 sin - ~ 1.175 sin’0

6
+0.131 sin’ (2G0) +0.769 cos - (4)

0 (7]
+0.07G? sin® 7 +0.717 cos® ik

Here, C, is the dimensionless wind pressure coefficient;
0 is the wind angle measured from the normal direction of
a building surface; and G is the natural log of side ratio
length to width.

Due to the fact that the wind direction changed almost
around the major direction of 89°, as shown in Figure 4(b).
The related wind angle for each side of this target building
also did not change a lot correspondingly. Figure 5 shows
the geometry of the building with sides a-d. The wind angles
0 of each side were determined based on the major wind
direction of 89°. The wind angles were measured from the
normal of each side to the wind direction, and the results
for the sides a—d were 517, 39°, 1297, and 141°, respectively.
Especially, according to Equation (4), the magnitude and
sign of C, on each side will not change significantly due to
a relatively stable wind angle and the low value for Cp(00)
. Therefore, the C,, value during measurement time for each

TaBLE 3: Wind pressure coefficient of each side for target building.

Aspect ratio Wind pressure

Building sides ~ Wind angle (W/L) coefficient (Cp)
A 51° 1.38 0.26
B 39° 1.38 0.39
C 129° 1.38 -0.41
D 141° 1.38 -0.31

building side can be regarded as fixed in this study. Table 3
shows the C, value obtained for each side, as calculated in
accordance with Equation (4). It is observed that the A and
sides were windward faces with positive values of 0.26 and
0.39, while the C and D sides were leeward faces with nega-
tive values of -0.41 and -0.31.

The wind pressure on the building surfaces of each floor
was estimated using (Equations (2)-(4)). Figure 6 shows the
wind pressure distribution during the measurement period
on each side of each floor. It can be seen that building sur-
face pressures increased with building height. The A and B
sides were under positive pressure, and the C and D sides
were under negative pressure during the measurement
period. Even though there were occasional occurrences of
huge wind pressure acting on the building surfaces, the total
distributions of wind pressure varied lightly and always
remained within a narrow range from the distribution
obtained for low wind pressure. For example, the wind
pressures for the A side for the 4th floor of the 25th-75th
percentiles were within the range of 0.57-1.51Pa due to
the influence of the low wind speeds. Even though the mag-
nitude of wind pressure was not large enough to produce
significant influence for the variation of indoor pressure dur-
ing the measurement period, the sign of the wind pressure
on each side always remains fixed due to the relatively stable
wind direction, which means that the estimated wind pres-
sure with clear direction is suitable for verifying this pro-
posed method.
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TaBLE 4: Example of AP level frequency between adjacent zones for all zones on the 4th floor.

AP 4F-Z1 (%) 4F-72 (%) 4F-73 (%) 4F-74 (%) 4F-75 (%)

>0 =0 <0 >0 =0 <0 >0 =0 <0 >0 =0 <0 >0 =0 <0
Z1 — — — 77.7 17.5 4.8 100 — — — 0 0 100
72 4.8 17.5 77.7 — — — 100 0 0 100 — — —
73 100 0 0 100 0 0 — — — — — — — — —
74 — — — 100 0 0 — — — — — — — — —
Z5 100 0 0 — — — — — — — — — — — —
76 21.7 34.2 44.1 — — — — — — — — — — — —
77 100 0 0 — — — — — — — — — — — —
z8 — — — — — — — — — — — — — — —
79 — — — — — — — — — — — — — — —
Out 100 0 0 0 0 100 — — — 0 0 100 100 0 0
AP 4F-76 (%) 4F-77 (%) 4F-78 (%) 4F-79 (%) Out (%)

>0 =0 <0 >0 =0 <0 >0 =0 <0 >0 =0 <0 >0 =0 <0
Z1 44.1 34.2 31.7 0 100 — — — — — — 0 0 100
72 — — — — — — — — — — — — 100 0 0
Z3 — — — — — — — — — — — — — — —
74 — — — — — — — — — — — — 100 0 0
Z5 — — — — — — — — — — — — 0 0 100
76 — — — 0 0 100 — — — — — — 0 0 100
77 100 0 0 — — — 86.7 10.7 2.6 — — — 0 0 100
78 — — — 2.6 10.7 86.7 — — — 63.5 11.8 24.7 100 0 100
79 — — — — — — 24.7 11.8 63.5 — — — 100 0 100
Out 100 0 0 100 0 0 100 0 100 100 0 100 — — —

—: not adjacent zone.

4. Airflow Mapping of the Target Multizone
Low-Rise Building

4.1. Frequency Distribution of Pressure Difference between
Adjacent Zones. As shown in Figure 1 of Section 2.2, after
the measurement of absolute pressure in each zone and the
calculation of wind pressures on the building surfaces in step
I, the pressure difference (AP) between each couple of adja-
cent zones of each floor should be calculated in accordance
with step II. The wind pressure on each side was regarded
as the AP between the inside of each zone and the outside.
The AP values are divided into three levels (>0, =0, and
<0) by magnitude. Then, the frequency distributions of AP
were analyzed to determine the variation of airflow directions
through certain building partitions, as shown in step IIL
Figure 7 shows an example of Z1 on the 4th floor for the
frequency analysis of AP. There are 6 adjacent zones in Z1:
72,73,75,76, Z7, and the D side of the building. The figure
shows a significant frequency variation of AP for the three
levels between each couple of adjacent zones. For Z3, Z5,
Z7, and out (D), the frequency of AP being greater than 0
was 100%. For Z2 and Z6, the frequency of AP being less
than 0 was the highest, with values of 77.7% and 44.1%,
respectively. Apparently, the frequency of AP for Zl~out
(D) is 100% due to the fixed direction of wind pressure on
the D side of this target building. Then, the frequencies of
the AP levels between adjacent zones of all floors were

analyzed by this process. Table 4 shows an example of the
AP frequency results on the 4th floor, where the variations
of AP frequency between all adjacent zones on the 4th floor
are listed.

4.2. Airflow Mapping of each Floor. After analyzing the fre-
quency distribution of the AP levels between adjacent zones
according to step III, shown in Figure 1, the airflow move-
ment should be evaluated based on step IV. The frequency
results of the 4th floor are used as an example below to
explain the process of step IV in Figure 1 regarding evaluat-
ing the variation of airflow directions between relevant adja-
cent zones.

As shown in Table 4, among all the adjacent zones of the
4th floor, i.e., the pairs of Z1 and Z2, Z1 and Z6, Z7 and Z8,
and Z8 and Z9, the relative magnitudes of AP between the
zones varied for three levels of greater than 0, equal to 0,
and less than 0 with various frequency distributions, indicat-
ing that the airflow directions also changed accordingly. For
example, taking Z1 as the target zone, the AP frequencies
between Z1 and Z2 for the levels of greater than 0, equal to
0, and less than 0 are 4.8%, 17.5%, and 77.7%, respectively,
indicating that the frequency of airflow from Z1 to Z2 is
4.8%, the frequency of no airflow between the two zones is
17.5%, and the frequency of airflow from Z2 to Z1 is
77.7%. Although the airflow direction between Z1 and Z2
was not constant, the airflow during the measurement
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period mainly flowed from Z2 to Z1 according to the highest
frequency of the three levels. The AP values between the
remaining adjacent zones all remained within a single level
of either the greater than 0 level or the smaller than 0 level
with a corresponding frequency of 100%, showing that the
airflow movements between these adjacent zones remained
constant during the measurement period. For Z8 and Z9,
the AP values relative to the building exterior changed
between the two levels of the greater than 0 level and the less
than 0 level with a frequency of 100%, indicating that there is
more than one side adjacent to the building exterior. This is
because the major wind direction for the measurement
period is fixed as the average direction of 89, and the sign
of the wind pressure coeflicient for each side of the building
is also unchanged. The airflow direction is further deter-
mined by the magnitudes of AP for the related sides, and
the airflow direction is constant on each side with a fre-
quency of 100%.

Although the airflow movement between adjacent zones
can be evaluated according to step IV, it is impossible to
obtain intuitive results for the variation of the airflow direc-
tions based on AP frequency analysis. As such, it is necessary
to visualize the evaluated results in step IV if the airflow
movement is to be controlled directly in a more detailed
manner. In this study, the visNetwork tool is employed to
visualize the evaluated results derived by step IV. The vis-
Network tool is an R package for displaying the interactive
visualization of networks such as social networks, citation
networks, trade networks, and others [37]. This study inno-
vatively applies the tool to the field of building indoor air-
flow analysis, to visualize the relationships among adjacent
internal zones and the frequencies of airflow direction
changes between adjacent zones. The visualized results of
airflow movement are referred to here as the airflow map-
ping of the target floor.

Figure 8 shows the airflow mapping of all floors for
depicting the layout of the zones, adjacent relationships
among zones, and changing airflow directions with frequen-
cies generated by step IV. Figure 8(a-1) presents the main
idea using visNetwork to visualize the airflow movement
based on pressure difference frequency. In Figure 8(a-1),
green nodes refer to the internal zones of the 1st floor of
the target building, and red nodes represent the outside of
the building for the A~D sides. Brown edges correspond to
adjacent relationships connecting inside zones, while the
arrows refer to the airflow directions with their respective
frequencies. Blue edges connecting green and red nodes
display the airflow movements between internal zones and
the outside of the building. Then, the related frequency for
airflow movement is combined with the information of
adjacent relationships, deriving the airflow mapping for the
Ist floor by the visNetwork tool shown in Figure 8(a-2).
Figures 8(b)-8(d) show the airflow mappings for other floors.

The airflow mappings make it possible to identify the
adjacent relationships between zones without having to refer
to the complex building floor plan. For instance, the adjacent
zones of Z2 on the 1st floor are Z1, Z3, Z4, and the A side, C
side, and D side of the building. The adjacent zones of Z1 on
the 2nd floor are Z5 and Z2 and the D side of the building.
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Moreover, based on the adjacent relationships, the variation
of airflow directions can be directly expressed by the arrows,
and the significant differences in the changing frequencies
can also be indicated. For example, on the Ist floor, the
direction of airflow was always from Z1 to Z2 with a 100%
frequency. The airflow direction between Z4 and Z2 was
not constant during the measurement period, and the
airflow from Z4 to Z2 was with a frequency of 75.7%, while
the frequency for the airflow from Z2 to Z4 is 7.6%. In
particular, there was no airflow passing between the two
zones with a frequency of 16.7%. Moreover, although the
airflow direction between many adjacent zones changed sig-
nificantly, the dominant airflow direction during the mea-
surement period could be determined from the magnitudes
of AP frequency. For example, on the Ist floor, the airflow
direction was mainly from Z2 to Z3 with a corresponding
frequency of 92.0%, and on the 4th floor, the airflow between
Z1 and Z2 mainly flowed from Z2 to Z1 with a 77.7%
frequency.

Interestingly, spatial similarity in the variations of inter-
nal airflow movement was readily observable between differ-
ent floors in the airflow mappings, which occurred due to
the underlying similar spatial distribution of the zones on
these floors. For instance, the areas and locations of Z1,
Z2, and Z5 on the 2nd floor are approximately consistent
with Z1, Z2, and Z4 on the 3rd floor. According to the air-
flow mappings of the two floors, the variation of airflow
directions between these zones was similar during the mea-
surement period. For Z1 and Z2 on the 2nd floor, and Z1
and Z2 on the 3rd floor, the airflow directions between the
adjacent zones were fixed during the measurement period
with a constant direction from Z2 to Z1, and the corre-
sponding frequencies were 100%. In addition, for Z1 and
Z5 on the 2nd floor and Z1 and Z4 on the 3rd floor, there
were changing airflow directions, with almost identical fre-
quencies of absent airflow between the adjacent zones at
33.0% and 32.3%, respectively.

All in all, with the help of the airflow mapping by floor,
the complex variation of internal airflow between zones can
be visualized intuitively without the cumbersome measure-
ment work of airflow rates or the model simulation for the
analysis of a building’s internal airflow movement.

5. Discussion and Limitations

5.1. Airflow Rates between Adjacent Internal Zones. In this
study, cracks around doors between each couple of adjacent
zones are considered to be the main airflow paths of each
floor because doors typically present significantly greater
leakage areas than internal walls. Due to the lack of airtight-
ness data for components in this measured building, this
study refers to the effective leakage area (ELA) for doors at
the reference pressure difference of 4Pa recommended by
ASHRAE 2001 to represent the airtightness parameters of
doors existing between adjacent zones [41]. Although the
recommended values would not be identical to the actual
airtightness, the differences in airtightness levels between
various types of doors would correspond to the actual
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TaBLE 5: Types of doors between adjacent zones of 4th floor.

Adjacent zones Type of door Effective leakage area (cm?)
Z1- 72 Sliding, double, glass 22
Z1- 73 Swinging, single, weather-stripped 12
Z1- 75 Swinging, single, glass, not weather-stripped 21
Z1- 76 Swinging, interior, double, metal 14
Z1- 77 Swinging, interior, double, metal 14
72-73 Swinging, single, glass, not weather-stripped 21
72- 74 Swinging, single, glass, not weather-stripped 21
76- 77 Swinging, interior, double, metal 14
77-78 Swinging, interior, double, metal 14
78- 79 Swinging, interior, double, metal 14

situation. Table 5 shows the types of doors included on the
4th floor.

Based on the airflow mappings and the air leakage data
of building components, it was found that the variation of
airflow movement between adjacent zones is closely related
to the types of doors or, more specifically, to the relative
magnitudes of airtightness levels. As shown in Table 5, the
same types of doors with high airtightness levels are used
between Z1 and 76, Z7 and Z8, and Z8 and Z9. These doors
are closed most of the time, and the directions of airflow
through these doors always changed for the three levels as
presented on the airflow mapping of the 4th floor. Even
though the types of doors between Z1 and Z7 and between
76 and Z7 are also the same as the doors mentioned above,
the airflow directions are constant because the airtightness
levels of the two doors decrease gradually with frequent
use of these two doors. Conversely, the types of doors
between Z2 and 73, Z2 and Z4, and Z1 and Z5 are the same
as each other with a lower airtightness level, and the airflow
directions were constant during the measurement period.
Therefore, the airflow directions always change for doors
having high-level airtightness, and the airflow directions
are always constant for doors having low-level airtightness.

The airflow directions maintained by pressure differ-
ences are easily evaluated by the airflow mappings of each
floor, and the variation of airflow rates between adjacent
zones can be analyzed according to the distribution of pres-
sure differences and air leakage data. Moreover, the detailed
airflow rates between adjacent zones are especially impor-
tant if the HVAC system is to be used to balance the airflows
of the supply system and exhaust system. The airflow rate
under any certain pressure difference can be expressed by
the following equation [41], where it is determined from
the leakage area at a reference pressure difference value.

CpiA,; (2 0.5-n n
=—"2 (AP ;)" AP . 5
Qr,2 10000 P( r,l) ( r,Z) ( )

Here, Q,, is the airflow rate in the measured pressure
difference AP,, (m’/s); Cp, is the discharge coefficient;
A, | is the air leakage area at the reference pressure difference
AP, (cm®); and AP, is the reference pressure (Pa). The

discharge coeflicient and reference pressure difference are
always applied to two situations: AP, equals 4Pa and Cp;
equals 1 or AP, equals 10 Pa and C,, equals 0.611 [41]. n
is the flow exponent, which usually lies between 0.6 and
0.7 [41]. In this study, a value of 1 for Cp,, at 4 Pa and a coef-
ficient of 0.65 for # are utilized.

Figure 9 shows the average airflow rates between all cou-
ples of adjacent zones on the 4th floor during the measure-
ment period, where the related frequency results derived
from the airflow mapping are also marked in the figure.
The figure shows significant differences in airflow rates
between the adjacent zones having different frequencies.
The airflow rates from Z1 to Z5, Z2 to Z3, and Z2 to Z4
all exceeded 20m>/h with a corresponding frequency of
100%. The airflow rates from Z2 to Z1, Z1 to Z3, Z1 to 77,
and Z6 to Z7 were all between 10m’/h and 15m*/h, and
the corresponding frequency from Z2 to Z1 was 77.7% and
100% for the others. For the adjacent zones Z1 and Z6, Z7
and Z8, and Z8 and Z9 in particular, although the airflow
directions between these zones were uncertain during the
measurement period, the airflow rates were all less than
10m’/h. As such, guidance for regulating the distribution
of airflow rates and controlling the pressure difference of
HVAC systems can be provided based on a detailed analysis
of the airflow rates between all adjacent zones. For example,
the pressure differences or airflow rates between Z1 and Z5,
Z2 and Z3, and Z2 and Z4 should be adjusted preferentially
due to their high airflow rates and fixed airflow directions. In
contrast, for Z1 and 76, Z7 and Z8, and Z8 and Z9, there is
no need for regulating the pressure differences or the airflow
rates between these zones since there are changes in airflow
direction but the airflow rates are low.

5.2. Strengths and Limitations of This Study. This study dem-
onstrates that the airflow movement between any adjacent
zones can be visualized intuitively with the measurement
of absolute pressure. The airflow mapping of each floor,
derived with the tool visNetwork, makes it possible to
meticulously control airflow movement without having to
consider the layout of the target floor. This study also sug-
gests that the airtightness levels of doors between adjacent
zones have an apparent impact on the variation of airflow
movement between these zones, indicating that the airflow
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direction across the doors with high airtightness level always
change with low airflow rates.

Some limitations of this study should also be addressed.
The field pressure measurements were only conducted for 24
hours. Moreover, the outdoor wind speed was not high,
resulting in low wind pressures on the surfaces of the build-
ing and hence no significant effect on the fluctuations of
indoor pressure. The real-time variability of local wind on
a building enclosure is not considered in this study, and only
one boundary condition of the major wind direction is
applied for the determination of wind pressure coefficients.
The classification of wind conditions needs to be considered
for a more accurate representation of the local wind effects
on the building enclosure. Long-term monitoring of absolute
pressure values in all zones can aid the researcher in accu-
mulating daily or monthly airflow mappings during various
weather conditions to summarize the general airflow move-
ment between adjacent zones. Also, it should be noted that
there are only 22 zones in the measured building, and the
number of zones on the 1st floor~3rd floor in particular is
limited. The layout and number of zones also have an
impact on the airflow movement between adjacent zones.
For future studies, field measurements can be taken on a
more complex building to verify the proposed method and
confirm our conclusions. It is also necessary to perform the
airtightness measurements for specific building components
so as to evaluate the actual airflow rates between adjacent
zones using the derived airflow mappings. In addition, due
to the lack of a central air conditioning system and other
ventilation devices in the measured building, it was not pos-
sible to regulate the airflows or pressures based on the
results. The applicability and effectiveness of using HVAC
systems to regulate airflow rates between adjacent zones

should be explored along with the derived conclusions, in a
future study.

6. Conclusion

The airflow movement inside a building has a significant
impact on the indoor air quality and the energy consump-
tion of the building system. However, there are many obsta-
cles to visualizing the complex airflow movement between
adjacent zones and between the interior and exterior spaces
of a building with existing methods. The objective of this
study is to propose a convenient method for visualizing
airflow movement inside a multizone building. To this end,
the absolute pressure measurements in each zone of each
floor should be performed first, and the airflow movement
is then visualized in accordance with a AP frequency analysis
through the tool visNetwork provided in the R language.
Field pressure measurements were conducted in a 4-story
multizone building, and the airflow mappings were obtained
from a detailed analysis of the AP frequency for all adjacent
zones on each floor. The results show that the variation of
internal airflow direction can be visualized intuitively
between adjacent zones and that the dominant airflow dur-
ing the measurement period can also be determined from
the relative magnitudes of the frequencies. For example,
the airflow movement was mainly from Z2 to Z3 on the
Ist floor with a frequency of 92.0%. The spatial similarity
in the variations of airflow directions was also indicated
between the 2nd and 3rd floors, and the airflow movement
between Z2 and Z1 were the same with a constant airflow
direction of 100% frequency. The calculated results of air-
flow rates can also provide guidance for the regulation of
HVAC systems. If the airflow mappings can be integrated
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with the BMS for a target building in the future, building
operators and researchers would be able to control airflow
conditions quickly and make accurate responses for a smar-
ter operation the building system.

For future studies, it would be desirable to conduct long-
term measurements in more complex multizone buildings,
considering the impact of various local weather conditions
and multiquantity zones on internal airflow movement.
Also, the pressure control and airflow regulation of HVAC
systems between adjacent zones need to be identified based
on the visualized airflow mappings, considering the exact
airtightness levels of building components.
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