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a b s t r a c t

Negative pressure isolation rooms are used to house patients with highly contagious diseases (e.g. with
airborne diseases) and to contain emitted pathogens to reduce the risk for cross-infection in hospitals.
Airflows induced by door opening motion and healthcare worker passage can, however, transport the
potentially pathogen laden air across the doorway. In this study airflow patterns across the isolation
room doorway induced by the operation of single hinged and sliding doors with simulated human
passage were examined. Smoke visualizations demonstrated that the hinged door opening generated a
greater flow across the doorway than the sliding door. Tracer gas measurements showed that the
examined ventilation rates (6 and 12 air changes per hour) had only a small effect on the air volume
exchange across the doorway with the hinged door. The results were more variable with the sliding door.
Supply-exhaust flow rate differential reduced the door motion-induced air transfer significantly with
both door types. The experiments showed that the passage induced substantial air volume transport
through the doorway with both door types. However, overall, the sliding door performed better in all
tested scenarios, because the door-opening motion itself generated relatively smaller air volume ex-
change across the doorway, and hence should be the preferred choice in the design of isolation rooms.

© 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Patients with highly infectious airborne diseases are typically
placed in negative pressure isolation rooms to prevent the
spreading of pathogens to adjacent spaces, hence reducing the risk
of cross-infection. Droplets and particles of different sizes are
released from breathing, coughing, or sneezing [1,2]. After release
these particles and droplets undergo evaporative water loss in the
air to become droplet nuclei [3]. However, large particles (diameter
>20 mm) may rapidly deposit onto wall surfaces because the force
of gravity is more significant than ventilation induced effects.
Smaller particles (0.1e10 mm) may be suspended for a long time
though and contribute to disease transmission over great distances
[4]. Thus fine particles and gaseous pathogens are significantly
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influenced by ventilation and airflow patterns.
Typically mixing ventilation with sufficiently high ventilation

rates (6e12 air changes per hour, ACH) are recommended for
isolation rooms for quick and effective dilution [5e8]. The negative
pressure in negative pressure isolation rooms draws the air towards
the isolation room in order to minimise the leakage of potentially
contaminated air into surrounding areas. However, the situation
can be disrupted by many factors which can lead to containment
failure [9,10], including: the opening of the doors themselves,
which cancels or even reverses the negative pressure between the
rooms, allowing the escape of potentially contaminated air through
the open doorway [11]; the passage of healthcare workers through
the doorway, which increases the airflow through the doorway as
moving body creates a wake in which air and contaminants can be
transported over long distances [12e16], e.g. out of isolation room
[17e20]. It has been estimated that the combined effect of door
opening and passage may be among the most important factors
causing containment failures in isolation rooms [9,10].

Following the severe acute respiratory syndrome (SARS) out-
breaks of 2003 and the subsequent concerns about avian A/H5N1,
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pandemic A/H1N1pdm09 influenza, and most recently Middle East
Respiratory Syndrome-associated coronavirus (MERS-CoV) viruses,
negative pressure isolation rooms are now extensively used in
hospitals, worldwide. Enhanced usage has led to increased interest
in containment testing and to door operation induced air and
contaminant transport [19e34]. A wide variety of different
methods have been used to study the issue, including: computa-
tional fluid dynamics (CFD) [23,26,30e32,34], small-scale models
[19,22,24,29], full-scale models [20] and field studies
[21,25,27,28,32,33].

Regardless of the methods used, most of the studies have
concentrated on the single hinged door-generated airflows
[21e25,27e29,31e33] and only a few of the recent studies have
experimentally examined the differences between hinged and
sliding doors [19,20], although the differences between the two
door types have not always been clear. For instance, some earlier
studies have shown that the usage of sliding doors can reduce the
airflow out of the isolation rooms compared to hinged doors
[17,35]. On the other hand, it has been argued also that there are no
significant differences on the isolation efficiency [36] or on the air
volume migration generated by the operation the two door types
[18]. However, more recent studies have shown experimentally
that sliding doors can reduce the air exchange through the doorway
[19,20]. Nevertheless, more evidence and data are needed on the
range of door-opening-induced flows with and without passage
under realistic isolation room conditions (e.g. ventilation rates,
supply-exhaust flow rate differential etc.) to clarify the differences
between sliding and hinged doors.

This article extends the scope of the previously published
baseline papers by Tang et al. [19], Kalliom€aki et al. [20] and Saar-
inen et al. [23] inwhich the authors studied the isolation room door
operation induced airflows with small-scale water, full-scale air
and CFD models without ventilation. This paper takes these ex-
periments a step further and examines the effect of realistic
ventilation rates, supply-exhaust flow rate differential and simu-
lated human passage on the airflow patterns and air volume ex-
change across the isolation room doorway generated by hinged and
sliding doors.

2. Methods

2.1. The full-scale isolation room model

The experiments were carried out in a full-scale isolation room
model. The model was built out of clean room elements into a
larger laboratory space (see Fig. 1). The model consisted of two
identical and adjacent rooms (each 4.0 m long, 4.7 m wide and
Fig. 1. Full-scale isolation room model us
3.0 m high) connected with a door in the middle of a central,
dividing wall. In the model, Room 1 was designated as an anteroom
and Room 2 as an isolation room (see Fig. 1 for further details).
Interior of the model was painted black (see Fig. 2) to enhance the
visibility of the smoke during smoke visualizations. The experi-
ments were carried out for two different door types, first with a
single hinged door (opening towards Room 2) and then for a sliding
door (mounted on Room 1 side of the doorway). The doorway was
2.06 m high and 1.10 m wide with both door types.

Passage through the doorway was simulated with a moving
manikin (without any surface heating, so there was no thermal
plume present). The manikin was 1.7 m tall and was wearing a
laboratory robe to simulate the outfit of hospital staff. The manikin
was fixed to a small cart (onwheels) moving along a rail running on
the floor between the two rooms (see Fig. 2). The movements of the
manikin and the door were controlled by the same computer
program, making the synchronization of the door movements and
manikin passage easier and repeatable throughout the
experiments.

Fig. 3 shows the details of the door and manikin movement
cycles. Initially, the manikin stood in the middle of a room. As the
cycle began, the manikin accelerated rapidly to full-speed (1 m/s),
approached the door and stopped in front of it. After the door had
opened completely, the manikin moved through the doorway into
the other room. The manikin stopped at the center of the other
room and following a short wait the door closed behind the
manikin after which the moving cycle was considered to be over. In
each examined case the door opened in 3 s, stayed fully open for 8 s
and closed in 5.4 s. The hold-open time was set long enough for the
manikin to pass through the doorway avoiding crashing with the
door. During the hinged door experiments the manikin halted
slightly further away from the door (while approaching it from the
isolation room side) to avoid collision with the sweeping door.
Otherwise, the door-manikin movement cycles were similar for the
experiments with both door types.

Mixing ventilationwas used throughout the experiments as it is
recommended for isolation rooms by several guidelines [5e8].
Although there have been efforts to locate the ideal positions of the
supply and exhaust registers the optimal setting is still somewhat
unclear [37,38]. One suggested choice is top-supply-top-exhaust
[5,6,38] and hence it was decided to install a radial supply air dif-
fusers in the ceiling at the center of the rooms and rectangular
exhaust grilles (280 mm � 180 mm) up on the wall close to the
ceiling next to the dividing wall in both rooms (see Fig. 1 for de-
tails). The diffuser outlet section pointing towards the doorwaywas
blocked in order to avoid direct flow to door as this might severely
affect the doorway flows possibly increasing the risk for
ed in the experiments and its layout.



Fig. 2. The isolation room model seen from inside.
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containment failures. Two air change rates (based on exhaust flow
rates) were used in the study, 6 and 12 ACH (corresponding flow
rates being 94 and 188 L/s). Supply air temperature was set the
same in both rooms resulting in ~22 �C room temperature. The
supply and exhaust airflow rates and the pressure difference be-
tween the rooms were monitored and measured with Swema 3000
multi-purpose instrument (Swema, Sweden). Calibrated orifices
were installed to the supply and exhaust ducts for accurate airflow
rate measurement. The accuracy for airflow rate measurement was
±4 L/s and for pressure ±0.3 Pa. The room temperatures were
monitored continuously with thermometers (Craftemp thermis-
tors, Craftemp, Sweden, ±0.2 �C accuracy) located at 1 m and 2.6 m
above the floor in each room.

2.2. Smoke visualizations

2.2.1. Experimental methods
Smoke visualizations were carried out to demonstrate the flow

patterns across the doorway induced by the hinged and sliding
doors and the manikin passage. Theatre smoke was produced with
a smoke generator (Martin Magnum 550, Martin Pro-Smoke Super
Fig. 3. Door operation and manikin movement (wh
ZRMix fluid, Martin, Denmark). This produced thick yet buoyant
smoke suitable for airflow pattern visualization. The particle size
distribution of the smoke was not measured, but according to the
manufacturer's product document [39] it is around 1e1.5 mm, cor-
responding to fine particles whose dispersion process is similar
with gaseous agents and hence suitable for airflow visualizations.

The smoke generator was positioned outside the isolation room
model to avoid unnecessary heat sources inside the mock-up. The
smoke was dosed through a hose in which the smoke cooled down
before entering the model. Only one of the rooms was filled at a
time. The smoke was quickly and uniformly mixed inside the room
due to effective mixing ventilation.

In the empty room (smoke free in the beginning), a vertical or a
horizontal sheet was illuminated. The vertical sheet (door wide,
narrowing towards the lights) was used for side-view illumination
and the horizontal sheet (between 0.6 and 1.4 m above the floor
also narrowing towards the lights) for top-view illumination of the
smoke. Altogether, the visualizations were recorded from four
different angles (side- and top-view on each room) in separate,
consecutive experiments, as only one camera (Canon 7D, Canon
Inc., Japan) was used, with identical experimental parameters in
each scenario. The camera and the lights were positioned far
enough from the doorway so as not to interfere with the door and
passage induced flows. Still images of the recorded videos are
shown and discussed.

2.2.2. Experimental parameters
In the visualizations the ventilation rate in both rooms was set

to 12 ACH so that the isolation room was in ~20 Pa negative pres-
sure compared to the anteroom. Negative pressure was created by
an imbalance between the supply and exhaust flow rates. However,
the pressure difference between the rooms disappears when the
doorway is open, leaving only the supply-exhaust flow rate differ-
ential effective between the rooms. This imbalance (between the
anteroom and the isolation room) induces a net flow through the
open doorway towards the isolation room (see Fig. 4 for illustration
of the concept). Hence, it was decided to characterize the experi-
mental conditions in terms of the supply-exhaust flow rate differ-
ential between the rooms, rather than using the pressure difference
which is not effective during the door opening. A ~20 L/s flow rate
difference between the rooms was measured during the door
operation (resulting in ~20 Pa pressure difference between the
rooms while doors were closed). The temperature difference be-
tween the rooms was small, making the thermally driven flows
relatively weak.

2.3. Tracer gas measurements

2.3.1. Experimental methods
Tracer gas measurements were carried out to quantify the total
en applied) cycle for hinged and sliding doors.



Fig. 4. Example of the supply-exhaust flow rate differentials and the induced net flow
through the open doorway.
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volume of air transferred through the doorway induced by the door
operation. Two tracer gases, SF6 and N2O, were used simulta-
neously in the experiments. This made it possible to study the
airflows through the doorway in both directions at once. The gases
were supplied continuously into different rooms via supply ducts.
Mixing ventilation with high airflow rates ensured quick and uni-
form distribution of the gases inside the rooms.

Two gas analysers (Brüel&Kjær model 1302, Brüel&Kjær A/S,
Denmark), one for SF6 and one for N2O, were used to sample the
tracers from the exhaust ducts. Following the onset of the dosing,
the tracer gases achieved equilibrium concentrations in their
separate rooms. Prior to a door operation the analysers were set to
record the equilibrium values in the supply rooms. A moment
before the door was opened the analysers were changed to sample
the tracer concentration changes in the opposite, empty rooms (i.e.
tracer free before the door operation). Short sampling period
(sampling interval ~40 s) enabled sufficient tracking of the con-
centration changes within the rooms.

During the door operation the tracer gases flowed across the
open doorway leading to a sudden increase in their concentrations
in the opposite rooms. After the door had closed the tracer
migration ceased and the concentrations started to decrease to-
wards the initial background values prior the door operation (see
Fig. 5).

The data analysis of the tracer gas measurements was based on
the assumption that the tracers exited the isolation room model
only through the exhausts, i.e. there were no leakages. This was
considered a valid assumption as the model was made out of
carefully fitted cleanroom elements.

The air exchange through the doorway was calculated based on
the tracer migration from the supply room through the doorway to
Fig. 5. Example of tracer gas concentration decay curve (measured from the exhaust
duct).
the empty room induced by the door operation:

mt ¼ r0V0V ¼ mt

r0
; (1)

where mt is the total mass of the tracer gas migrating from the
supply room to the empty room, r0 is the initial concentration of
the tracer gas in the release room and V is the volume migrating
across the doorway to the empty room. After the door had closed
the tracer migration ended and the concentration started to
decrease (see Fig. 5). Since all the tracer gas leaves the room
through the exhaust, the total amount of tracer can be calculated by
integrating the exhaust concentration over time as:

mt ¼ QE$

Z∞

0

rðtÞdt; (2)

where QE is the exhaust flow rate and r(t) the measured tracer
concentration in the exhaust. Substituting Equation (2) in (1) we
get the total volume exchange across the doorway from the release
room to the adjacent room induced by the door operation.

V ¼ QE$

Z∞

0

r tð Þ
r0

dtzQE

X
i

ri
r0
Dti; (3)

where, ri is the ith tracer concentrationmeasurement after the door
operation and Dti is the sampling period of the ith measurement.

Typically, one experiment consisted of 6 door openings, each
separated by 60 min. After each experiment the rooms were
evacuated of the tracers, new experimental setup prepared and
subsequently measurements carried out with it.
2.3.2. Experimental parameters
First the air volume migration induced by the door opening was

measured with 0, 6 and 12 ACH ventilation rates (the anteroom and
the isolation room having equal ACHs and 0 L/s supply-exhaust
flow rate differential). Then ~20 L/s flow rate differential was
added and the air exchange across the doorway measured with it
(for both 6 and 12 ACH ventilation rates). Finally the manikin
movement was added and the effect of passage and its direction
was examined (under 6 and 12 ACH with ~20 L/s flow rate differ-
ential). The related baseline measurements without ventilation (i.e.
0 ACH) were reported earlier by Kalliom€aki et al. [20].
3. Results

3.1. Smoke visualizations

Still images of the smoke visualization videos are shown in
Figs. 6e11. Each figure has 6 panels (a-f), illustrating the smoke flow
patterns during different phases of the door and passage cycles.
Panel a shows the initial situation before the door is opened. Panel
b shows the door opening-induced airflow patterns. Panel c depicts
the combined effect of the door and the moving manikin. Panel
d illustrates the situation just after themanikin has stopped. Panel e
shows the flow patterns generated by the closing door and Panel f
the mixing and dilution ~7 s after the door has been closed.

Fig. 6 shows the anteroom (i.e. Room 1 in Fig. 1) side-view of the
single hinged door-generated airflow patterns. Fig. 6b shows that
the door motion induces significant airflow through the doorway.
Fig. 6c illustrates that the door-generated flow severely masks the
wake behind the moving manikin. However, Fig. 6d shows that a
notable amount of air is dragged in the wake which can be seen



Fig. 6. Smoke visualization (anteroom side-view) of the single hinged door and manikin passage induced airflow patterns with 12 ACH ventilation rate and 18 L/s flow rate dif-
ferential. The time in the parenthesis denotes the time elapsed since the door started opening.
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moving past the now stationary manikin. The door motion does not
seem to cause any significant air movements in the anteroomwhile
closing (Fig. 6e). The smoke is spread and mixed (partly vanishing
from the lit section) due to effective ventilation (Fig. 6f).

Fig. 7 shows the anteroom top-view of the single hinged door-
induced airflow patterns. Fig. 7b shows that the smoke pene-
trates far into the room. From this viewpoint, the wake behind the
manikin is masked by the door motion-induced airflow (Fig. 7c).
However, Fig. 7d shows that a notable amount of air is carried in the
wake and can be seen to move past the now stationary manikin.
The door motion does not seem to cause any significant airflows
while closing (Fig. 7e). Again, the smoke is spread inside the room
due to ventilation and partly vanishes from the lit section (Fig. 7f).

Fig. 8 shows the isolation room (i.e. Room2 in Fig.1) side-view of
the single hinged door-induced airflowpatterns. The sweeping door
drags notable amount of the anteroom air into the isolation room
(Fig. 8b). Fig. 8c shows that the wake is coupled with the door-
induced flow and difficult to distinguish. Nevertheless, in Fig. 8d a
significant amount of smoke can be seen to flow past the stopped
manikin. The sweeping door seems to induce air movement by
pushing the air towards the viewer while closing (Fig. 8e). After the
door has closed the smoke disperses into the room and is mixed
throughout the room partly vanishing from the lit section (Fig. 8f).

Fig. 9 shows the isolation room top-view of the single hinged
door-generated airflow patterns. Fig. 9b shows that the sweeping
door forms a vortex. The effect of the moving manikin cannot be
distinguished from the door motion induced flow (Fig. 9c). How-
ever, after the manikin has stopped some of the air can be seen



Fig. 7. Smoke visualization (anteroom top-view) of the single hinged door and manikin passage induced airflow patterns with 12 ACH ventilation rate and 18 L/s flow rate dif-
ferential. The time in the parenthesis denotes the time elapsed since the door started opening.
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flowing past it (Fig. 9d). The closing door pushes the air towards the
right corner of the room (Fig. 9e). Fig. 9f shows that the air is spread
around the room (and partly disappears from the lit section).

Fig. 10 shows the anteroom side-view of the sliding door-
generated airflow patterns. The door-opening induces only
modest flow through the doorway (Fig. 10b). The wake behind the
moving manikin can now be seen clearly (Fig. 10c). The manikin
drags significant amount of air with it to the anteroom, which can
be seen flowing past it after it has stopped (Fig. 10d). The sliding
door does not seem to generate any notable air movements across
the doorway while closing (Fig. 10e). The smoke is quickly mixed
across the room partly vanishing from the lit section (Fig. 10f).
Fig. 11 shows the anteroom top-view of the sliding door-

generated airflow patterns. Fig. 11b shows that the induced
airflow is modest also in horizontal direction. The wake behind the
moving manikin can be seen clearly (Fig. 11c). The manikin drags
substantial amount of air with it to the anteroom (Fig. 11d). The
door motion does not generate notable air movements in the
doorway while closing (Fig. 11e). The air is spread around the room
partly disappearing from the lit section as seen from Fig. 11f. Only
anteroom visualizations for the sliding door are shown as the flow
patterns were essentially similar on both sides of the doorway.



Fig. 8. Smoke visualization (isolation room side-view) of the single hinged door and manikin passage induced airflow patterns with 12 ACH ventilation rate and 18 L/s flow rate
differential. The time in the parenthesis denotes the time elapsed since the door started opening.
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3.2. Tracer gas measurements

The tracer gas measurement results are shown in Table 1 and
illustrated in Figs. 12e15. The main focus is on the air volume
escaping the isolation room (i.e. from Room 2 to Room 1, marked
with 2 / 1 in Table 1) induced by the door operation as it was
considered more important than the air volume entering the
isolation room regarding the breakdown of isolation conditions.
However, few baseline results are shown for both flow directions
for illustration of the two-way exchange. The uncertainty of the
results is estimated by standard deviation for each examined case.
In the last column of Table 1 the results are shown normalized
relative to the swept volume of the hinged door.
3.2.1. Ventilation rate
The effect of different ventilation rates (i.e. 0, 6 and 12 ACH with

~0 L/s flow rate differential) is shown in the first subsection of
Table 1 and illustrated in Fig. 12. In this case the experiments were
performed without passage. The results show that there was a
notable difference in the air exchange volume through the doorway
between the hinged and sliding doors. The sliding door motion
induced significantly weaker air exchange across the doorway than
the hinged door. The air exchange volume was found to be similar
to both directions across the doorway with both door types.

The effect of ventilation rate seemed to be rather small with the
hinged door. Only a slight increase in the induced air exchange
across the doorway was observed with increasing ventilation rates,



Fig. 9. Smoke visualization (isolation room top-view) of the single hinged and manikin passage induced airflow patterns with 12 ACH ventilation rate and 18 L/s flow rate dif-
ferential. The time in the parenthesis denotes the time elapsed since the door started opening.
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the results being almost the same with 6 and 12 ACH. However, the
impact with sliding door was more notable. The 6 ACH decreased
the air volume transfer slightly compared to the baseline scenario
without ventilation (i.e. 0 ACH). The effect seemed to be opposite
for the 12 ACH case as the air exchange volume increased notably
compared to 6 ACH case.
3.2.2. Flow rate differential (pressure difference)
The effect of supply-exhaust flow rate differential (i.e. net flow

towards isolation room across the open doorway) with 6 ACH and
12 ACH ventilation rates is presented in the second subsection of
Table 1 and illustrated in Fig. 13. The measurements were per-
formed without passage in this case as well. The results show that
the flow differential reduced the door motion-generated air
transfer out of the isolation room with both door types and with
both ventilation rates. Relative reduction was greater with sliding
door (with both ventilation rates).
3.2.3. Passage and its direction
The effect of passage and its direction with 6 and 12 ACH (both



Fig. 10. Smoke visualization (anteroom side-view) of the single sliding door and manikin passage induced airflow patterns with 12 ACH ventilation rate and 20 L/s flow rate
differential. The time in the parenthesis denotes the time elapsed since the door started opening.
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with ~20 L/s flow rate differential) is shown in the last subsection of
Table 1 and illustrated in Figs. 14 and 15. The effect of passage
seemed to be notable with both door types and with both venti-
lation rates. The airflow out of the isolation room appeared to be
almost independent of the passage direction (entry/exit). Only with
6 ACH the exit through the hinged door seemed to generate greater
total volume transfer compared to entry.

4. Discussion

4.1. Flow visualizations

Although smoke has been used long and widely in fluid flow
visualizations [40] there seems to be no report on experimental
full-scale smoke visualizations comparing hinged and sliding door
motion-induced airflow patterns performed using realistic isola-
tion room ventilation rates.

In a baseline study carried out by Tang et al. [19] the hinged and
sliding door motion-induced doorway flows were qualitatively
visualized using colored food dye in a small-scale water model
without ventilation imposed. In another closely linked baseline
study Kalliom€aki et al. [20] examined the single hinged and sliding
doors induced airflow patterns in an identical full-scale isolation
room model also without ventilation imposed. Compared against
these baseline studies the general qualitative flow patterns with
ventilation were found to be similar: the hinged door generated
more pronounced flow across the doorway than the sliding door,
passage was found to increase the airflow through the doorway,



Fig. 11. Smoke visualization (anteroom top-view) of the single sliding door and manikin passage induced airflow patterns with 12 ACH ventilation rate and 20 L/s flow rate dif-
ferential. The time in the parenthesis denotes the time elapsed since the door started opening.
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door vortex formed behind the sweeping hinged door etc. On the
other hand, comparison also shows that there are some differences
in the flow structures. For example, ventilation appeared to effec-
tively mix and dilute the smoke throughout the room. Hence the
flow structures (door vortices, wake of the manikin etc.) were seen
somewhat unclear and they vanished quicker from the lit section.
Nevertheless, based on the qualitative assessment of the smoke
visualizations alone, it is difficult to distinguish whether the
ventilation or flow rate differential used in the experiments
increased or reduced the flow through the doorway.

Most of the other studies have visualized the door operation
generated flows e.g. with small-scale water models using different
dyes as tracers [19,22,24] or with CFD approaches in various sce-
narios using several different boundary conditions and methods
[23,26,31,32,34]. Nevertheless, they all concluded that opening of
the hinged door can generate notable flow through the doorway
and hence disperse airborne contaminants across the doorway. This
phenomenon was also observed and verified in the full-scale ex-
periments reported here. However, common to above mentioned
studies is that they lack experimental visualizations for the sliding
door option, which makes the visualizations presented here
unique.

4.2. Tracer gas measurements

4.2.1. The effect of ventilation rates
The smoke visualizations are only qualitative in nature and

based on them one cannot measure the air volume exchange across
the doorway induced by the door operation. Hence we carried out
tracer gas measurements to define this quantitatively. The results



Table 1
Results of the tracer gas measurements.

Door type Door cycle time
(open/hold/close)

Air change ratea

(ACH)
Flow diff.b (L/s)
(Pac)

Passage Avg. air volume
exchange (m3)
1 / 2

Avg. air volume
exchange (m3)
2 / 1

Standard deviation
(m3) 2 / 1

Normalized air
volume exchanged

2 / 1

With different air changes per hour:

Hinged 3/8/5.4 s 0 0 (0) e 1.30 1.39 0.12 0.69
Sliding 3/8/5.4 s 0 0 (0) e 0.54 0.56 0.07 0.28
Hinged 3/8/5.4 s 6.1 c. 0 (0) e 1.32 1.45 0.13 0.72
Sliding 3/8/5.4 s 6.1 c. 0 (0) e e 0.42 0.07 0.21
Hinged 3/8/5.4 s 12.2 c. 0 (0) e 1.54 1.47 0.12 0.73
Sliding 3/8/5.4 s 12.4 c. 0 (0) e 0.76 0.84 0.20 0.42

With pressure difference:

Hinged 3/8/5.4 s 6.1 25 (�21) e e 1.17 0.17 0.58
Sliding 3/8/5.4 s 6.0 25 (�21) e e 0.27 0.09 0.13
Hinged 3/8/5.4 s 12.0 18 (�21) e e 1.31 0.22 0.66
Sliding 3/8/5.4 s 12.2 21 (�21) e e 0.54 0.17 0.27

With passage:

Hinged 3/8/5.4 s 6.0 22 (�21) Both dir. e 1.51 0.16 0.75
Sliding 3/8/5.4 s 6.1 24 (�21) Both dir. e 0.50 0.06 0.25
Hinged 3/8/5.4 s 6.0 23 (�21) 2 / 1 e 1.62 0.05 0.81
Sliding 3/8/5.4 s 6.1 24 (�21) 2 / 1 e 0.49 0.09 0.25
Hinged 3/8/5.4 s 6.0 21 (�21) 1 / 2 e 1.34 0.05 0.67
Sliding 3/8/5.4 s 6.1 25 (�20) 1 / 2 e 0.50 0.04 0.25
Hinged 3/8/5.4 s 12.0 18 (�21) Both dir. e 1.56 0.21 0.78
Sliding 3/8/5.4 s 12.2 20 (�22) Both dir. e 0.78 0.14 0.39
Hinged 3/8/5.4 s 12.0 18 (�21) 2 / 1 e 1.58 0.26 0.79
Sliding 3/8/5.4 s 12.2 21 (�22) 2 / 1 e 0.82 0.20 0.41
Hinged 3/8/5.4 s 12.0 18 (�21) 1 / 2 e 1.54 0.18 0.77
Sliding 3/8/5.4 s 12.2 19 (�22) 1 / 2 e 0.73 0.07 0.36

a Measured from the isolation room exhaust (both rooms had the same ventilation rates).
b Flow rate differential (supply � exhaust) between rooms while door open.
c Pressure difference between the rooms before door opening (isolation room in lower pressure).
d Normalized by the swept volume of the hinged door (1/4 � p � w2

door � hdoor).
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show that the examined ventilation rates do not affect notably the
air volume migration out of the isolation room during hinged door
operation. In principle, increasing ventilation rates can generate
more turbulence which in turn can enhance the mixing across the
open doorway [41]. However, it should be noted that in general,
increased ventilation rates improve the containment as the con-
centration of particles and gaseous agents are more quickly diluted
already in an isolation room [21,38]. Hence, less agents are
dispersed from an isolation room into an anteroom and subse-
quently less of a fraction can enter other neighboring spaces [21].

Saarinen et al. [42] showed that the hinged door opening
Fig. 12. Tracer gas measurement results. The effect of ventilation rate on the air vol-
ume transfer across the doorway (with 0 L/s flow rate differential).
motion itself can generate velocities over 1.0 m/s in the doorway.
Also the smoke visualizations shown here illustrate that the
opening induce fast and swirling flow across the doorway. High
momentum supply air can generate high air velocities in the room
and around the doorway as well. In the experiments, however, the
section of the supply air terminal towards the doorwaywas blocked
and thus the air movements caused by the supply air jet were
assumed to be only modest close to the door. Hence it seems like
the hinged door motion itself creates strong mixing which domi-
nates or at least delays the onset of the ventilation generated effects
in the doorway (with the examined ventilation rates at least).

The sliding door motion induced airflow seemed to be rather
modest and hence the air velocities (and turbulence) in the
doorway might be dominated by the ventilation flows. Thus the
Fig. 13. Tracer gas measurement results. The effect of supply-exhaust flow rate dif-
ferential on the air volume transfer across the doorway.



Fig. 14. Tracer gas measurement results. The effect of manikin passage on the air
volume transfer across the doorway.

Fig. 15. Tracer gas measurement results. The effect of passage direction on the air
volume transfer across the doorway.
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onset of the ventilation generated mixing across the doorway is not
severely delayed by the sliding door opening motion and hence can
result in increased air exchange through the doorway (seen well
with 12 ACH in this study). However, this should be confirmed in
the future with additional measurements with complementary
ventilation rates.

4.2.2. The effect of supply-exhaust flow rate differential
The supply-exhaust flow rate differential was observed to

reduce the door opening induced air exchange across the doorway
with both door types and ventilation rates (see Fig. 13). However, it
is not yet precisely clear how effective it is in reducing the air from
escaping an isolation room as it has been more in common to
examine the effect of pressure difference although it vanishes when
the door is opened. For instance, Adams et al. [28] andMousavi and
Grosskopf [32] have pointed out that pressure difference signifi-
cantly reduces the aerosol transfer through the doorway during
hinged door operation. However, only few have estimated or
measured the effect of flow rate differentials for both hinged and
sliding doors. For instance, Shaw [17] found that 0.30 m3/s excess
flow for sliding door (with 1 �C temperature difference across the
doorway) would be needed to reduce the transfer close to zero
(however, no data were reported for hinged door). Later, Hayden
et al. [18] observed that flow rate differential was the only
parameter (of the examined variables) significantly affecting the air
volume migration through the isolation room doorway generated
by hinged and sliding doors. They estimated that flow rate differ-
ential of c. 0.36 m3/s (c. 0.26m3/s) would be enough to decrease the
air transfer through the doorway to close to zero during hinged
(sliding) door operation.
According to the data presented in the first and second sub-
section of Table 1 it can be estimated (by linear regression) that
0.13 m3/s and 0.06 m3/s supply-exhaust flow rate differential (net
flow towards isolation room) for hinged and sliding doors
(respectively) are required to reduce the escaping air to zero.
However, one should note that in practice the door motion-induced
flow can penetrate far into the rooms (especially with hinged door)
and might not be directed back through the doorway (while open)
but will stay in the room. Besides, maintaining high flow rate dif-
ferentials constantly requires controlled leakage and elevated
ventilation rates and thus is not energy efficient. More practical
solutions should be considered instead. One solution would be to
increase the flow rate differential temporarily during door opera-
tion only. Kim and Augenbroe [43] suggested realizing this by
adaptive VAV (variable air volume) method normally keeping a low
flow rate differential but capable of increasing it to higher values
prior and during door operation. This kind of method sounds
promising but more detailed studies are required to define how
feasible these kinds of applications are in a real hospital
environment.

4.2.3. The effect of simulated human passage
The effect of passage is also important since it increases the

airflow through the isolation room doorway during door operation.
Although moving body induced airflows and dynamics of wake
flow field in different types of indoor environments (isolation
rooms, offices, air planes etc.) have been studied extensively
[12e16,24,44e51] not many have quantified the passage generated
air volume exchange through a doorway. It is important to know
how much passage contributes to the air transfer between spaces
with different door solutions. It might well be that the door type
does not matter if passage is the main contributor to transient
breakdown of the isolation conditions related to door operation.

Hayden et al. [18] examined the effect of a moving manikin on
the air volume migration induced by hinged and sliding doors in a
full-scale isolation room model. They estimated the effect of pas-
sage to be 0.34 m3 with the hinged door and 0.81 m3 with the
sliding door on average. Surprisingly high air volume migration
generated by the passage through the sliding door lead to conclu-
sion that both door types performed equally well.

However, this seems not to be the case in here as can be seen
from the last subsection of Table 1. It shows that the passage alone
induces 0.25 m3e0.34 m3 (6e12 ACH) air volume transfer through
the doorway with the hinged door and 0.23 m3e0.24 m3 with the
sliding door (averaged over both directions, the effect of passage
direction will be discussed later).

In a related baseline study Kalliom€aki et al. [20] examined the
airflow patterns across the isolation room doorway in an identical
full-scale model without ventilation. They found the effect of the
manikin passage to be 0.27 m3 and 0.36 m3 on average with the
hinged and sliding doors respectively. These results agree well with
the ones presented in this study. These results imply that the effect
of passage is not as large for the sliding door as suggested by
Hayden et al. [18]. Hence the sliding door performs much better
than the hinged door, even when combined with passage.

Passage direction might also affect the doorway flows. In the
closely related baseline study performed without ventilation, Kal-
liom€aki et al. [20] found out that moving against the opening di-
rection of the single hinged door, the passage amplified the
doorway flows resulting in a higher air volume transfer across the
doorway compared to the other passage direction. However, Hay-
den et al. [18] and Kokkonen et al. [25] did not find any significant
effect of the passage direction on the air volume migration across
the isolation room doorway when realistic ventilation rates were
used. Fig. 14 shows that for the hinged door the exit seems to



P. Kalliom€aki et al. / Building and Environment 107 (2016) 154e168166
generate greater air volume migration than entry with 6 ACH.
However, with 12 ACH the induced air exchange appeared to be
independent of the passage direction. Hence it seems like airflows
generated by the 12 ACH ventilation rate are strong enough to
cancel the effect of passage direction. With the sliding door this
appeared to be insignificant with both ventilation rates. Thus it
seems that at least high ventilation rates can mask the effect of
moving direction.

4.3. Normalized results

For easier comparison with other previous studies the normal-
ized results (with respect to swept volume of the hinged door) are
shown in the last column of Table 1. The normalized air exchange
seems to vary between 58e81% for hinged door and between
13e42% for sliding door depending on the tested scenario. The
hinged door results agree reasonably well with findings reported in
previous studies. For instance, Eames et al. [29] reported the ex-
change volume to be comparable to but less than swept volume of
the hinged door. On the other hand, Kiel andWilson [54] found out
the typical exchange volume (for hinged door) to be only around
50% of the swept volume. Kalliom€aki et al. [20] measured the ex-
change volume (for hinged door) to be 59e124% and Hathway et al.
[22] measured it to be 67e98% of the swept volume of the hinged
door. However, one should note that most of the above mentioned
studies were carried out in scale models with different door cycle
times and/or without ventilation. So, one should be cautious while
directly comparing the results. Comparison of sliding door results is
more challenging since there are no other normalized (experi-
mental) results readily available.

4.4. Limitations of using a manikin, set door open-close cycle time
and isothermal conditions

One might argue that a manikin might not simulate realistically
the formation of a human movement induced flow field which is
very complex, dynamic and turbulent mixing process [15,47e50].
For instance, basic plastic manikin used in this study does not take
into account legs or armsmovement. However, as found out by Han
et al. [49], the body motion has a greater effect on the induced
airflows and aerodynamics than that of limbs pendulum. Also,
Moyer et al. [51] have assessed that swinging of arms has little
significance in the formation of the wake. Finally and most
convincingly, Shaw [17], who is one of the few who has measured
the amount of air dragged behind a real person moving between a
treatment room and an associated lobby in a hospital setting, found
the effect of passage to be 0.29 m3 during fast walk. The manikin
induced air exchange reported here agrees quite well with this
value and, in this regard, can simulate the human passage fairly
realistically.

The manikin used in this study was not heated. The lack of
human thermal plume could in principle affect the airflow patterns.
However, based on the results obtained by Wu and Gao [16] the
wake flow dominates over the thermal flows induced by the body
heat when moving faster than 0.4 m/s. Also, Licina et al. [52] found
out that horizontal flow of 0.425m/s towards a manikin completely
replaced the upward convective boundary layer flow with air flows
parallel to horizontal flow. Hence, the effect of thermal plume of the
body can be assumed to be negligible in this case.

In reality there are other heat loads, besides the manikin, in
isolation rooms such as lights, monitoring equipment, solar load,
patient etc. These heat loads can heat up the rooms and generate
temperature difference between an isolation room and an ante-
room or a corridor. Already a small temperature difference induces
continuous two-way air exchange across open doorway
substantially increasing the total air volume migration during door
operation [21,53]. This effect becomes increasingly important when
door is kept open long periods [20e22]. However, we decided to
carry out the experiments without any heat loads and close to
isothermal conditions as it would have been very challenging or
even impossible to monitor and control small temperature differ-
ences (~0e0.5 �C) potentially present between isolation rooms and
anterooms [17,21]. Besides, small temperature differences cannot
be excluded as the accuracy of the thermometers used in this study
was ±0.2 �C. Nevertheless, applying realistic temperature differ-
ences might increase slightly the air exchange volumes reported
here.

The total cycle time of the door used in this study can be
considered slightly too long compared to typical scenarios in crit-
ical hospital environments (like in isolation rooms). Shaw [17]
examined the door opening habits (of manual or semi-manual
doors with self-closers) in seven isolation rooms in six different
hospitals and found the average total cycle time of the door to be
between 7 and 10 s. However, the cycle time with automated doors
can be longer as typically they open completely whereas with
manually operated doors people tend to sneak in through only
partly opened door. Moreover, the door operation cycle in this
study was set loose enough to avoid collision of the manikin and
the door. Nevertheless, using shorter cycle time can probably lead
to reduced air exchange across the doorway as found out by Kal-
liom€aki et al. [20] and Hathway et al. [22].

4.5. Use of anterooms

Oneway to prevent the isolation room air from escaping directly
to corridor is using an anteroom between the spaces. Anteroom
captures, dilutes and exhausts most of the contaminants escaping
the isolation room through the doorway, thus serving as an effec-
tive isolation barrier between the dirty and clean zones. As with
isolation rooms, containment efficiency of anterooms can be
increased with higher ventilation rates as then the airborne con-
taminants are diluted even quicker and hence less agents can
escape to adjacent spaces [21].

In this study the anteroom and isolation rooms were equal in
size. However, in practice the anteroom is typically smaller than the
isolation room. There seems to be no clear consensus how the room
sizes affect the door motion-induced flows and air volume migra-
tion through the doorway though. Hayden et al. [18] suggested that
a small anteroom might reduce and a large one increase the air
volume migration to corridor. On the other hand, Kiel and Wilson
[54] found out that the air exchange across the outer door of a small
test house was not notably influenced by the room size or layout.
However, more detailed studies are needed in order to define the
effect of room size explicitly. Nevertheless, the anteroom should be
utilized correctly to fulfill its contaminant dispersion prevention
potential. For example, the doors should always be interlocked so
that only one of the doors can be open at a time. Also, the anteroom
should not be shared with another isolation room or rooms. Hang
et al. [21] have shown that a shared anteroom can lead to
contaminant transport between isolation rooms due to a hinged
door opening motion. Hence, non-shared anterooms should be
preferable.

5. Conclusions

It has been shown explicitly in this study that a single sliding
door operation induces less airflow across the isolation room
doorway and hence performs substantially better than a single
hinged door in various realistic operation scenarios.

The smoke visualizations showed that door motion was capable
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of inducing air exchange across the doorway with both door types.
However, the hinged door motion-generated airflow was more
pronounced compared to the sliding door. Also the effect of passage
was notable. The manikin carried significant amount of air in its
wake through the doorway. The effect of passage was clearer with
the sliding door, as its contribution to the doorway exchange flows
was relatively large by comparison. Ventilation was seen to affect
the generated flow patterns. It effectively mixed and diluted the
smoke and hence the flow structures were slightly unclear and
vanished quickly from the lit section of the rooms. However, from
the smoke experiments alone it was difficult to distinguish whether
the ventilation increased or reduced the door motion-induced
airflows.

Tracer gas measurements showed quantitatively that the door
operation induced substantial air exchange through the doorway.
The measured air volume exchange varied between 1.17e1.62 m3

for the hinged door and between 0.27e0.84 m3 for the sliding door
on average (depending of the examined scenario). The examined
ventilation rates (6 and 12 ACHs) were observed to have only a
small effect on the air escaping the isolation room caused by the
hinged door operation. For the sliding door the effect was seen to be
more variable. The flow rate differential (~20 L/s net flow towards
the isolation roomwhen the door was open) was found to decrease
the air volume migration across the doorway with both door types
and ventilation rates. The reduction was observed to be greater
with the sliding door (relative to the hinged door). Passage
increased the air exchange through the doorway with
0.25e0.34 m3 for the hinged door and 0.23e0.24 m3 for the sliding
door on average. In conclusion, the sliding door appeared to
perform better in each studied scenario. Hence, it should be
considered as a primary door type in isolation rooms.

In future, the door operation generated isolation room
containment failures should be further explored with various
realistic parameter settings (i.e. with realistic heat loads, additional
flow rate differentials, and real human passage) for even better
understanding of the factors related to door usage-induced
airborne contaminant dispersal.
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