Experimental evaluation of thermal comfort, IAQ indices
and exposure to airborne contaminant in an Airborne
Infection Isolation Room equipped with a displacement air
distribution system

(pre-refereeing version)

1 Abstract

This study is focused in determine the convenience of the use of displacement ventilation
strategy in airborne infection isolation rooms (AlIIRs). Comfort of the occupants of the
chamber, TAQ indices and the exposition of the health worker (HW) to the contaminants
emitted by the confined patient (P) are considered in a typical AIIR set up with a hot radiant
wall representing an external wall. Three air ventilation rates are tested to determine their
influence in the studied variables. Results show that IAQ indices associated with ventilation
and general comfort indices for both manikins performs well in the cases studied. Lockup
phenomenon associated to displacement ventilation occurs above P but it has a low influence
on contaminant exposition of HW because of the influence of the convective boundary layer
of HW. The influence of the radiant wall derives part of the fresh air directly to the exhaust

and has a low influence the comfort of the manikins.

2 Introduction

Hospitals and medical facilities are suitable places for cross infection between their occupants
[1-3], whether patients, health workers of visitors. Some of these infections could be
transmitted through the air [4], pathogens can be transported from infected people and spread
the illness. Pathogens can be found in droplets of different size that are emitted through
respiratory exhalation processes [5,6] such breathing [7] coughing [8] and sneezing [9].

Once these droplets are released, they suffer an evaporative process that transform them into
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droplet nuclei [10-12]. Depending on the size of the resulting particle they can deposit
quickly because of the effect of gravity, if their diameter is greater than 10 pm [13], or be
suspended following the ventilation induced effects, if their diameter is between 0.1 to 10
um. These small particles can be spread long distance and generate cross infections [10]. For
example, transmission by small droplets or droplet nuclei (< 5 um diameter) is the dominant
mode for influenza spreading [14]. A convenient ventilation strategy can reduce the

possibility of these infections [15].

Patients that develop an infectious disease that is found capable to be spread through air, and
this way be considered a threat for the rest of occupants of the health facility, need to be
confined in an isolated environment [16]. Airborne Infection Isolation Rooms (AIIR) are
isolation spaces in hospitals provided with negative differential pressure respect of the rest of
the building [17]. This way it can be assured that the pathogens emitted by the patient don’t
reach the rest of the building are ventilated using high renovation rates according to guides

published by different National Health Committees [16,18-21].

These recommendations are based on the belief that high renovation rates could reduce cross
infection risk between patients and health workers in such spaces by diluting and removing
pathogens. Nevertheless, recent research focusses the attention in provide a good air
distribution rather in maintain high renovation rates as the most important factor in reducing
cross infection risk [22-24]. Thus, current strategies to reduce energy usage [25] in
ventilation systems typically involve lowering airflow rates and/or heating/cooling capacity.
This way and if the design it is not correctly resolved [25] the indoor air quality (IAQ) [26]

and thermal comfort [27] can be compromised.

Maintain a comfortable environment [26] is important issue to be taken into account in

designing AIIRs because patients have to stay long periods of time confined in these spaces
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[28]. Recent research has focused its attention in comfort in hospital environments, for both
health workers [29] and patients [30,31] which usually spend a lot of time lying sleeping
[32,33]. It has been determined that patients’ thermal comfort [34,35] is reached at higher
temperatures than in other environments. IAQ indices have been defined to evaluate both the
ability of a system to exchange the air in the room and the ability of a system to remove
airborne contaminants [14]. These values have been used widely used in recent ventilation
studies to determine how ventilation can dilute and remove pathogens and this way reduce

cross infection risk of health workers [22,36,37].

Different ventilation strategies can be used in AIIR indoor environments [12], while the most
widely applied is mixing ventilation (MV) [38]. However, this strategy can reduce thermal
comfort in the occupied zone of the ventilated space and can spread contaminants and
pathogens [39]. In recent times displacement ventilation, DV, has arisen as an alternative
ventilation strategy to improve both the thermal comfort and IAQ of the occupied space. The
inward air flow is delivered at low velocity using diffusers placed at relative low height,
when this slow moving air mass encounters a heat load, it rises and carries the heat and
pollutants towards the ceiling [40,41]. This strategy is used extensively in different
ventilation applications and its use is particularly recommended for high renovation rates
requirement applications [42] such AIIR. Well-designed DV systems has been found to be

especially effective in removing contaminants [12,43,44].

Tracer gas technique is recommended [15] and has been used extensively to analyze
ventilation effectiveness and contaminant removal in indoor places by determining IAQ
indices [37,45]. This technique has also been used to determine cross infection risk between
people in inward environments [46—49]. Tracer gases are seeded in the air simulating the
presence of pathogens. Its concentration in a definite location is used to determine pathogens
exposition and hence cross infection risk in that point. This technique has been also validated
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by comparing with tracer aerosol particles technique (1 pm to 3 pm) giving a good agreement

close to the source of contaminants [49].

This study is intended to experimentally analyze the use of DV strategy resolving some the
limitations found in other ventilation studies. Exhalation of the lying thermal manikin is
considered the source of contaminants in this study. These contaminants are seeded
completely mixed with the breathing exhalation air flow. This method is considered a more
realistic way to perform than other approaches carried out previously [45,49]. This can be
important in the study of low velocity ventilation flows systems such as DV [50,51]. This
study implements a radiant panel on a wall representing an external wall. The load of this
wall can have an important influence on a thermally driven ventilation system such DV [45]
that need to be considered. Three air ventilation rates ranging from 3 ACH to 12 ACH are
considered in this study. Most of the experimental ventilation studies in hospital rooms
consulted to date test air ventilation rates under 12 ACH [18,46,50,51]. The ones that test air
ventilation rates of 12 ACH or higher don’t use DV [37,52]. nevertheless all the different
national committees recommendations consulted about this issue recommend higher
ventilation rates for such spaces, 9 ACH in the case of Canada, 12 ACH in the case of USA,

UK, Japan and Denmark [18] and even reach 15 ACH in the case of Australia [19,53].

This paper presents an experimental an analysis of the use of DV strategy in AIIR as an
alternative to the most extended MV strategy, using a typical AIIR set up. The objectives of
this investigation are, for three different high air ventilation rates, (1) to assess the thermal
comfort for a typical AIIR by using DV (2) to analyze ventilation performance IAQ indices
and (3) determine contaminant exposition and cross infection risk by studying local mean
exposition, local peak exposure, its frequency and effective contaminant intake for health
workers (HW) being the only source of contaminants the exhalation of the patient (P). This
way the convenience of the use of DV strategy in AIIRs can be evaluated.
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3 Methods

3.1 Test room and experimental setup

This study was carried out in an experimental chamber within the HVAC (heating, ventilation
and air-conditioning systems) laboratory at the University of Cordoba. The experimental
setup corresponds to a typical AIIR, which consists of a room 4.50 m length, 3.3 m width,
and 2.8 m height. Two breathing thermal manikins located inside the chamber represent a

lying patient over a hospital bed (P) and a health worker standing close to the first one (HW),

(Figure 1).
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Figure 1. (a) Plan view of the test room. Displacement air diffuser (D); Exhaust grilles (E); Vertical Poles (PP, PHW and
P3). (b) Profile view of the test room. Displacement air diffuser (D); Exhaust Grilles (E); Columns of the point matrix of
tracer gas measurements (1, 2 and 3); Rows of the point matrix of tracer gas measurements (H, M, L)
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3.2 Thermal loads and breathing thermal manikins

The two breathing thermal manikins have the same geometry, with a height of 1.70 m and a
surface of 1.6 m” [7,54]. Each breathing thermal manikin has four independent thermal zones:
head, arms, trunk and legs. The total sensible heat emitted for each manikin is obtained from
the ASHRAE Fundamentals Handbook [55] according to the metabolic rate of 1 in the case
of the standing manikin (HW) and 0.7 in the case of the lying manikin (PP). The distribution

of the total sensible heat is set according to Tanabe [56], as shown in Table 1.

Table 1. Thermal loads in the experimental chamber.

Source Load (W)
Radiant Panel 500
Head 5.6
N Body Arms 14.4
HW manikin Trunk 19.2 85
Legs 40.8
Breathing 5
Head 49
- Body Arms 12.6
P manikin Trunk 16.8 75
Legs 35.7
Breathing 5
Total 660

An external heat gain in the north wall of 500 W is imposed by means of a hydronic wall
radiant system. The radiant panel emits a heat flux of 33.67 W/m? and maintains a mean inner
surface temperature of 29.1°C in the north wall of the chamber. The rest of the walls of the

chamber are considered adiabatic as the chamber is inside a lab at the same temperature.

The HW manikin emits 80 W through its body and 5 W through its breathing, while the P

manikin emits 70 W through its body and 5 W through its breathing.
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The breathing thermal manikins have their own independent breathing system that can
simulate different breathing flows. Breathing function has been calculated following the
studies carried out by Gupta [57] who obtained that the breathing function of a subject is
dependent of its gender, its weight and its height. In this study both manikins perform the
same breathing function obtained considering a male 1.70 m tall and 70 kg weight. The

resulting breathing function characteristics can be seen at Table 1.

Table 2. Breathing function characteristics.

Respiration frequency (min™) Minute Tidal
In Out volume (L/min) | volume (L)
17.90 16.43 9.46 0.55

HW inhales through the nose while the P exhales through the mouth. HW does not exhales
air to the experimental chamber while P does not inhale air from the experimental chamber.
This way P manikin can be considered the only source of contaminants in the experimental
chamber in contaminant exposition experiments while HW can be considered the target
where the contaminant exposition is measured. Exhalation of PP is situated at a relative
height of z/H= 0.325 while the inhalation point of HW it is located at z/H = 0.539, as can be

observed at Figure 1.

The total thermal loads present in the room during the experiments, considering the thermal
radiant panel (500 W) and the thermal manikins (160 W) reach 660 W, which corresponds to

44.44 W/ m”>.

3.3 Ventilation system
Clean air is supplied through a displacement diffuser, D, located in the west wall of the
chamber and extracted by two exhaust grilles, E1 and E2, located in the upper part of the east

wall of the chamber (Figure 1).
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The ventilation system has been set at three different air change rates of 6, 9 and 12 ACH,
supplying air at 18.2°C, 20.6°C and 21.8°C respectively to maintain a mean temperature in the
occupied zone of 25£1°C. A summary of the conditions of the three tests performed can be

seen at Table 3.

Table 3. Tests performed

Tests Renovation Si}ll(fvl:lZaztl;r Supply air
Rate (ACH) (m’/h) temperature (°C)

Test 1 6 250 18.2

Test 2 9 375 20.6

Test 3 12 500 21.8

3.4 Measuring instruments

Three vertical poles (PHW, PP and P3) are located inside the experimental chamber (Figure
1). PHW and PP are close to HW manikin and P manikin respectively. P3 is placed far from
the breathing thermal manikins. Along their length, temperature, humidity and air velocity

probes are disposed as can be seen at Table 4.

Table 4. Probes position along the height of each poles

H(el‘f)ht P3 Pole | PHW Pole PP Pole
23 T, T.. V, T, Va
1.7 T. | Ta Va HR | Ty, Vi, HR, Tooe
1.1 T, T, V, T Va
0.6 T, T., Va T, V,
0.1 T, T, V, To. Va

Ambient temperature probes (T,) consist of J-type thermocouples, with an accuracy of 2% at
the considered temperature range (15-45 °C). These air temperature sensors are protected
from radiation by a cylindrical reflective metal device. Absolute air velocity (V,) is measured
using hot-sphere anemometers (TSI Air Velocity Transducer 8475, TSI, Minnesota). These

probes can measure an instantaneous velocity range from 0.02 to 2.5 m/s with a calibration
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accuracy of 3%. Ambient relative humidity (HR,) has been measured using air humidity

sensors (HMT100, Vaisala, Finland) with a calibration accuracy of 1.7%.

Inner surface temperature of all the enclosures has been also measured during the tests. 15
resistive temperature probes (PT100, TC Direct, UK) have been distributed for all the internal
wall surfaces of the chamber. These sensors have been calibrated in the range between 15 °C
and 40 °C in order to assure an uncertainty of measurement of + 0.3 °C. Radiant temperature
is calculated by using these inner surface temperatures and the method B.4.2 of EN ISO 7726
standard [58]. A globe temperature probe (Tgone) has been placed along the PP pole (Table 4)
to compare radiant temperature obtained by using Method B.4.2 and the obtained by Method
B.2 from ISO 7726 standard [58]. The globe is a black sphere of 150 mm diameter (SFT-
SCB-10-6-100, KIMO, France) at the center of which is the temperature probe, a J-Type
thermocouple with an accuracy of 2% in the range of 15 - 45 °C. The comparative is added as

additional information in Supporting Information A.

Tracer gas equipment is used to measure the exposition of manikin HW to the contaminants
exhaled by manikin P. R134a is used as a tracer gas [45,59]. To dose the tracer gas emitted
through P exhalation and measure the presence of tracer gas in the surroundings of the HW
manikin a multipoint sampler and doser (Innova 1303, LumaSense Technologies, California)
together with a photoacoustic gas monitor (Innova 1412, LumaSense Technologies,

California) are used.

3.5 Thermal comfort indices

Temperature, air velocity, and humidity data obtained from the poles PP and PHW together
with the radiant temperature obtained from the inner surface temperature of the internal
chamber enclosures are used to determine different comfort indices for the position of P and

HW following the procedures detailed in ISO EN 7730 [35].
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Operative temperature (Tp) as environmental index to evaluate thermal comfort has been
obtained for P and HW. Global comfort is determined by obtaining the values of Predicted
mean vote (PMV) and predicted percentage of dissatisfied (PPD). These values are obtained
for a standing person in the position of HW and a sitting person in the position of P after
steady state conditions are obtained in the experimental room. Current standard does not
provide a method to obtain such indices for a lying person, so the closest body posture has
been selected. A clothing insulation of 0.5 clo has been selected for both manikins according
to the usual clothing conditions in hospitals. The metabolic activity considered for HW
manikin is the corresponding with a standing person performing light activity while P
manikin is considered seated, quiet. Asymmetric thermal radiation as a source of thermal
discomfort has been studied for P and HW positions by obtaining the value of its value
between the walls North, where the radiant wall is located, and South (ATpn.s). The
temperature difference between head and feet level (ATy¢), 1.1 m and 0.1 m above the floor

in the case of P and 1.7 and 0.1 m in the case of HW is also obtained.

3.6 Ventilation performance IAQ indices

Two ventilation performance IAQ, widely used in the research literature [15,60,61] indices
have been obtained by using tracer gas technique for the conditions of the three tests
performed, air change efficiency (¢%) and local air change index (ef). These indices are

defined as:

e =—-100#(1)
Tp
a In
= - 100#(2
& =5 T, (2)

Where 7, is the nominal time constant, 7, is the age of the air in a local point and 7, is the
age of the air in the exhaust. These indices have been obtained by using the step down
method [15] using 40 ppm as the initial concentration. Supply air, as the only source of

contaminant in the camber in this experiment, is seeded with tracer gas setting ventilation
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system into a configuration of full recirculation until the selected concentration is achieved.
After that, seeding is stopped and the ventilation system operates again at 100% outside air
and the decay curve of contaminant is registered. Contaminant is registered in the exhaust
grilles to obtain €% and in three different points in the surroundings of HW breathing area,

M1, M2 and M3 to obtain 5.

3.7 Contaminants distribution

The distribution of contaminants emitted through the exhalation of P manikin has been
studied under the conditions of the three tests carried out. Each experiment is performed
stationary during 6 hours after steady state conditions are obtained in the experimental room.
Manikin P inhales clean air from the exterior of the experimental chamber. Then, tracer gas is
injected into the breathing system of manikin P. This manikin exhales air inside the
experimental chamber with the contaminant completely mixed. The concentration of tracer
gas in the manikin P exhalation flow is 7382.28 ppm of R134A. As this refrigerant gas is not
naturally present in the atmosphere, and the ventilation system operates at 100% outside air,
any molecule that is measured inside the experimental chamber must have been emitted by P

exhalation.

In order to determine the general contaminant removal performance of the ventilation system
configuration, contaminant removal effectiveness (¢€) is obtained. This value has been used

in different recent research [45,59,62,63] and is defined as:

£ =—=#(3)

T <e>—c

Where c, is the average concentration of the exhaust air, ¢ is the average concentration in
the supply air, < c¢ > is the mean concentration of contaminant of the chamber. The
concentration in the supply air (cy) is registered but its value is always null because the tracer

gas used is not naturally in the atmosphere. The mean concentration in the chamber (< ¢ >)
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is obtained after the stationary experiment finish. In that moment, ventilation system is shut
down as well as the tracer gas seeding into the chamber while the air inside the experimental
chamber is completely mixed using an auxiliary fan. The concentration values obtained from
all the measurement points inside the chamber are averaged during at least 15 min to obtain

the mean contaminant concentration value.

The exposition to contaminants around the breathing point of HW is determined through the
local contaminant exposition (eg) index. This value has been used in similar research papers

[24,64—67] and is defined as:

Where c; is the average concentration in a determined point inside the chamber.

Tracer gas concentration (c;) is measured inside the chamber to obtain ef in 10 different
points around HW microenvironment. 9 points distributed in a vertical plane in front of HW
manikin allocated in a 3x3 matrix, separated 4 cm from the HW inhalation point as can be

seen at Figure 1 (a) and an extra point inside the inhalation airway (Inh) of HW breathing.

Local contaminant exposition is a useful value to determine contaminant exposition during
the whole experiment. However, to analyze peak exposure to contaminants in such points, a

new index, the local maximum exposure coefficient (€p ,nq,) is defined as follows:

Cimax — Cs
elg,max = ———#(5)

e CS

Where ¢; pmqx 1s the average of the maximum values registered in a measurement point. A
concentration measurement register is considered as a maximum if its value exceeds a 25%

the average concentration. The frequency of such events has been also registered in time for

12/31



each experiment (felgmax)’ this way the possibility having a peak concentration can be

compared for the tests carried out.

The concentration obtained in the inhalation of HW is the effective contaminants intake of
this manikin. Its value is referred to the average concentration emitted by the source, P
manikin exhalation, to define the intake fraction (IF) index [63] . Its value is thus obtained
as:

_ J QuinnCinndt  Cinp

IF = =
f Qb,exhcexh dt Cexn

#(6)

Where Qp,inn, and Qpexn (I/min) are the breathing rate of HW (Target) and P (Sorce)
manikins respectively (I/min) whose are the same for this study, c;,, is the average
contaminant concentration inside the inhalation airways of the P manikin and c,,y is the

average contaminant concentration emitted through the HW exhalation.

IAQ guides [15] defines the local air quality index to determine localized contaminant
removal ventilation system performance. This value is defined as the inverse of local

contaminant exposition defined in this study.

3.8 Smoke test

Smoke visualization experiments have been carried out to determine supply air distribution
inside the experimental chamber. These three experiments have been carried out under the
three test conditions considered in this study once the environment conditions have reached
its stationary state. Smoke is introduced into the room through the displacement diffusor
completely mixed with supply air (Figure 1) during 60 s. Smoke is created by a smoke
machine (F2010Plus, Safex, Germany) using its standard fog fluid (Normal Power Mix,

Safex, Germany). The images are recorded using a digital camera (DSC-H50, SONY, Japan).
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The videos of the smoke distribution inside the room are added as Supporting Information to

this paper.

4 Results and discussion

4.1 Experimental conditions

Temperature is registered at five different heights in three different locations using vertical
poles PHW, PP and P3. The dimensionless value of the temperature has been obtained taking
into account the average value of the temperature measurements (T,), the supply average air
temperature (T;), and the exhaust average air temperature (T.). Dimensionless temperatures

for each pole are shown in Figure 2.
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Figure 2. Dimensionless temperature at different heights. (a) Pole PP. (b) Pole PHW. (c) Pole P3.

Temperature profiles show the general temperature distribution along the height of the room.
It can be noticed that the temperature at the higher measured height of the chamber is the

same for the thee ventilation set ups considered. This is because the exhaust grilles are
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situated close to the ceiling of the room and the supply air temperature has been selected to
balance internal loads and obtain the same exhaust temperature. It can be observed too that
the increase of air ventilation rate leads to temperature profiles displaced to lowest
temperatures, especially in the lower part of the chamber. This is because an increase of the
air flow rate makes the fresh ventilation air stay less time in contact with the thermal loads

and hence it cannot be heated as much as it is when lower ACHs are used.

A detail observation of the thee considered temperature profiles reveals that they show a
different behavior along their height. The pole PP (Figure 2 (a)) is the closest pole to the
radiant panel, which represents the main thermal load present into the experimental chamber,
and because of its influence shows a continuous positive temperature gradient along its
height. Likewise, P3 pole (Figure 2 (¢)) temperature profile is influenced at high renovation
rates by the air flow from the displacement diffuser, showing a temperature decrease in the
probes affected by the displacement diffusor throw. Although, PHW pole (Figure 2 (b)) is far
from any external perturbation source, showing a temperature profile than can be considered
representative of the two thermal manikins occupied zone. It shows a nearly vertical
temperature profile at the lower part of the room for the three experiments carried out, which
reach a higher height with the increase of the air ventilation rate, and afterwards a sudden
positive temperature gradient, which shows a higher slope the higher is the air ventilation
rate. This positive temperature gradient starts in z/H=0.2 in Test 1 and Test 2 while it starts in
z/H = 0.4 in Test 3. Taking into account the positions of the breathing points of the thermal
manikins (P, z/H= 0.325; HW z/H = 0.539), it can be presumed that this positive temperature

gradient is developed in the heights between the two breathing points.

4.2 Smoke tests
Smoke test were performed for the three tests carried out in this study. The three videos taken

during the three experiments carried out are shown as Supporting Information. One
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photograph is shown in Figure 3 during one of these tests was taken to illustrate supply air

ventilation behavior.

(a) =91 s (byt=165s

Figure 3. Smoke test pictures taken under the conditions of Test 1. The red arrow marks the supply air caught by the thermal
plume of HW manikin while the blue arrow marks the fraction of the supply air that is dragged by natural convection though
the North radiant wall. Time since smoke is introduced in the chamber is shown in the photographs

Supply air ventilation behaves the same way for the three tests carried out. Though the
dynamics of the process are faster the higher is the ventilation rate. Supply air is introduced
in the chamber through the displacement diffusor and advances though the floor of the room
in radial form from this point though North, South and East walls (Figure 1) gaining height
with the distance to the diffusor as it is supposed in displacement ventilation [60]. When the
flow reaches the North wall, equipped with a radiant heating panel, the flow advances fast
through the wall reaching the ceiling quickly, the blue arrow in Figure 2 (a) marks this
phenomenon. Once the flow reaches the ceiling the smoke is displaced through the exhaust
grilles in the upper part of the East wall. This flow doesn’t reach the occupied zone of the
room. The rest of the supply air reaches the occupied zone of the room and the time it reaches
the legs of HW advances through its body captured by the thermal boundary layer, red arrow
in Figure 2 and is dragged upwards until once it leaves behind the head of the manikin forms
a thermal plume, orange arrow in Figure 2 . Another thermal plume [68,69] is created when
the supply air reach the body of P manikin as can be seen at Figure 2 (b), represented by the
green arrows. This time the flow is locked in its ascension and is stacked up above the height

of HW, green circle in Figure 2 (b). This is caused by the intense slope of the positive
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temperature gradient at these heights that generates a lock-up phenomenon [66,70]. This
situation could stop the same way the natural convection rise of the contaminants exhaled by

P and therefore increase the contaminants concentration above the body of P.

4.3 Thermal Comfort

Different indices to estimate the thermal comfort have been obtained. Results are shown in

Figure 4 (a).
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Figure 4. (a) General and local thermal comfort indices; (b) Predicted percentage of dissatisfied as a function of predicted
mean vote.

According to the results obtained, operative temperature decreases with the air renovation
rate for P and HW because of the increase of the ambient air velocity inside the chamber
originated by the increase of ventilation flow rate. The values obtained are situated into the
comfort zone for summer clothing and sedentary activity for low relative humidity situations.
The increase of the ventilation sets operative temperature far from the zone of discomfort, so
an increase of air renovation rate improves thermal comfort in terms of operative

temperature.

The presence of the radiant panel in the North wall of the chamber creates a significant
radiant temperature asymmetry for the N-S plane in all the cases considered. This radiant
temperature asymmetry is higher in the PP position than in the HW position because of the
geometric proximity with the radiant wall. The temperature asymmetry increases with the air

renovation rate for all the tests performed. This increase of ventilation rate increments air
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velocity inside the chamber and this way promotes forced convection in all the chamber walls
reducing their surface temperature. This phenomenon is less evident in the north wall,
equipped with the radiant panel. Thus, the radiant temperature asymmetry for the N-S plane
increases. Temperature difference between the head and feet level decrease with the increase
of air ventilation rate. This is because an increment in the ventilation rate promotes

temperature homogeneity in the occupied zone of the chamber.

General thermal comfort indices have been plotted in Figure 4 (b), where thermal comfort
categories are defined according to the standard EN ISO 7730 [29]. However, it can be easily
checked that the comfort indices PMV for PP and HW differs in all the cases studied. On the
one hand, PMV indices for PP reflects a slightly cold sensation, being always situated
between the comfort categories B and C depending on the test. On the other hand, PMV
indices for HW shows a slightly hot sensation. In this case the comfort category is always C.
This situation reflects that the two occupants have different thermal sensations in the same
ambient conditions. This could be problematic because the relatively hot sensation of HW

can discourage the use of personal protective equipment and thus limit its effectiveness [71].

4.4 Ventilation measurements
Air change efficiency has been obtained for three different case studies. Local air change
efficiency has been also calculated in three different points placed at the height of HW

inhalation (M). Results are shown in Figure 5.
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Figure 5. IAQ ventilation indices for the three experiments carried out. (a) Air change efficiency; (b) Local air change index.

According to the results obtained, air change efficiency €%, Figure 5 (a), remain close to the
50% for all the three tests performed. Nearly no variation is perceived between Test 1 and
Test 2 and a small increment of its value is perceived in Test 3. Perfect mixing ventilation is
supposed to present values around 50% while displacement ventilation is supposed to obtain
values between 50% and 100% [15]. This value is representative of how the ventilation
system replaces the air of the chamber. Thus, it can be noted that for the air renovation rates

tested system is not performed as well as it was expected.

Local air change index (ef), Figure 5 (b), tendency for the three points considered in the
surroundings of HW microenvironment, have a different behavior depending on test
conditions and their relative position with respect to HW inhalation point. In M1 and M3
measuring points, placed one on each side of the inhalation point of HW, &f values under the
three test conditions considered present a similar tendency. €f reduces its value lightly form
Test 1 to Test 2 while it increases greatly from Test 2 o Test 3, being €f values always lower

than 100%. Although, the point M2 show a different tendency of its values under the same
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test conditions. Under Test 1 conditions €7 reach a value substantially higher than 100%. In
Test 2 its value decreases to around 75% but it is still higher than the registered g values for
M2 and M3. Finally, under Test 3 conditions € for M1, M2 and M3 register similar values.
This discordance between the values obtained for ef in M2 point with respect to the other
points considered is due to the convective boundary layer that brings fresh air from the lower
part of the room. Its effect is more evident when the air ventilation rate in the room remains
at low values [68]. In this study, this situation is added to the fact that the displacement
ventilation throw of fresh air reaches higher heights at the location of HW when higher
ventilation rates are set, as it can be noted at Figure 2 in view of the temperature profiles

obtained.

To sum up it can be noted that ventilation performance IAQ indices, air change efficiency
(%) and local air change index (&f) in the three points considered, maintain or improve their

values lightly with the increase of air ventilation rate.

4.5 Contaminant distribution
Contaminant removal effectiveness (£€) is obtained for as a global index of the performance
of the ventilation system in removing the emitted contaminants for the three tests performed.

The results obtained are shown in Figure 6.
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Figure 6. Contaminant removal effectiveness for the three tests performed

According to the results obtained, contaminant removal effectiveness presents values that are

greater than 1 for all the three tests performed, as shown in Figure 6. Test 1 and Test 3 values
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are around 2 while Test 2 value is around 1.5. This index is a measure of how quickly air
borne contaminants are removed from the chamber. A value higher than 1 means that
contaminants remains a short period of time in the room before they are removed by the
exhaust, so it can be concluded that the three tests performed remove the emitted
contaminants efficiently [15]. The obtained values are comparable to the obtained ones for
AIIR where other ventilation strategies are used [22,62]. The value of &€ is strongly
influenced by the position of the source of contaminants [15,22,45]. Being the source situated
in the same point in all the three tests performed, its variation in Test 2 must be related with a
local change in the air flow pattern inside the chamber that reduce the ventilation system

performance in this matter.

Tracer gas measurements are used to obtain local contaminant exposition (ep), maximum

exposure coefficient (efq,) and its frequency (f efma, ) for the 10 different points

considered in this study. These results are shown numerically in Table 5 and have been

represented for better understanding in Figure 7 and Figure 8.

Table 5. Local contaminant exposition, maximum exposure coefficient and its frequency in all the 10 considered
measurement points.

Tracer gas measurement locations
H1 [H2 H3 M1 M2 M3 |[L1 |[L2 |L3 |Inh
e 1.101 0.45 {033 | 1.97 | 048 | 0.35 | 2.57 | 0.18 | 0.36 | 0.36
Testl | €pmax | 2.06 | 0.87 | 0.46 | 3.49 | 0.93 | 0.53 | 4.31 | 0.30 | 0.62 | 0.65
fe}c) - 4.00 | 2.67 | 1.33 | 6.90 | 6.23 | 4.21 | 542 | 1.45|2.89|7.24

ep 2.1111.000.60|1.43|0.52|0.61|2.55|0.23]0.46|0.52
Test 2 | €pmax | 429 | 1.86 10.933.20|0.99 | 1.04 | 4.69 | 0.45 | 0.73 | 0.93
fe§, 0 | 927391 |1.56|4.04|4.04]252 437 1.68)2.69 437

ep 1.26 | 1.04 | 0.35|3.38 | 0.60 | 0.78 | 0.84 | 0.13 | 0.44 | 0.35
Test3 | €pmax | 2-332.10 [ 0.58 | 6.06 | 1.58 | 1.36 | 2.26 | 0.17 | 0.91 | 0.78
4.54 | 4.15|4.15|16.56 | 4.71 | 3.87 |5.04|0.84 | 3.70 | 4.71

felg,max
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Figure 7. Local Contaminant exposition (bars) together with the corresponding LMEC (red lines) value for the 9-point array
situated in HW microenvironment. (a) Test 1. 6 ACH ventilation rate; (b) Test 2. 9 ACH ventilation rate; (c) Test 3. 12 ACH
ventilation rate.

According to the results, exposure to contaminants show different behaviors depending on
the position of the probes. Natural convection, due to the difference of temperature of the
exhaled flow respect to the ambient temperature of the chamber, combined with exhalation
flow momentum and ventilation air movements, are the forces that disperse the contaminants
seeded in P exhalation [66]. In all the three tests performed, the most exposed zone to
contaminants is the closest to the exhalation of P, which corresponds with the probes placed
in the column 1 as can be seen at Figure 7, the lock-up situation found in smoke tests (Figure
3 (b)) can contribute to this situation. Local maximum exposition values for these three
probes are also high. The other two columns maintain, in general, a lower exposition to
contaminants, decreasing this value with the distance to the source, as has previously
observed in other studies [37,66,72]. The lockup phenomenon observed in Figure 3 (b) can
also be the cause of the increase of contaminant exposition with height observed in columns 2
and 3 the three experiments. It can also be noted that an increase of ventilation renovation
rate not always leads to a reduction of contaminant exposition, on the contrary, some of the
points considered increase its mean and peak exposition. This phenomenon is particularly
significant at M height, which is the height of the inhalation of HW. Contaminant exposition
in the immediately closest point to the inhalation point (M2) of HW and the exposition

obtained for a point placed into the inhalation airway of HW manikin (Inh) can be compared.
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Exposition to contaminants is always lower in the second case. This is because thermal plume
of HW heated body brings clean air from the lower part of the room which is inhaled by HW,
reducing the content of contaminants in it, as can be seen at Figure 3. This effect has been

already found in other studies [68].

Test 1 Test 2. Test 3. {1 2 3
6 ACH 9 ACH IZACH ||+ > "H

g '

W 1

fe,"a,m,_.,. i 1/Hry

=

Fefmax (1)
= qg
fe;,_,_“r i 1/Hr)

Figure 8. Frequency of maximum exposure coefficients for each test performed

Frequency of maximum exposure coefficients results, Figure 8 and Table 5, show that this
index is dependent of the distance to the source of contaminants, but this time the dependence
is less intense that in the case of ep and ep ,4,. In general, the points placed closer to the
source present higher f €f max values than the ones that are farther which is consistent with the
results of ep and ep 4y, where the same phenomena is found. The dependence of
f €6 max with air ventilation rate is not as strong as in the case of ep and eg ,;,4,,. Anyway the
value of f €5 max changes from one test to others. A generalized decrease of f €5 max is found

when air ventilation rate is increased from Test 1 to Test 2. Although, the increment of air
ventilation rate from Test 2 to Test 3 make values of f €f max similar to the obtained in Test 1.
This results suggest that an increase of air ventilation rate over certain value doesn’t have a
positive impact on f €5 max -
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Proportional contaminants intake referred to the average concentration of the emission source
of contaminants has been obtained for each test performed in the inhalation area of the P
manikin. This index has been obtained in two different points, immediately in front to of the
inhalation point (M2), and inside the inhalation airways of the manikin (Inh). Results are

shown in Figure 9.

0. 40%
0.30%
== 0.204%

0. 10%

0,00

Test | Test 2 Test 3
6 ACH 4 ACH 12 ACH

Figure 9. Proportional contaminants intake referred to the concentration of the only source of contaminants, P breathing.

According to the results shown in Figure 9, the tendency of IF for the three tests performed the same in the two positions
considered. Even so, the values obtained for the point Inh are always lower than the obtained in the point M2, the same way
€ index in these points behave. This results suggest that by selecting a point out of the inhalation airways to determine the
contaminants intake of the manikin, the resulting index could be overestimated [63]. This may be originated by the action of
the human convective boundary layer that drags clean air from the lower part of the room as can be seen at

Figure 3 . This situation has been already seen in other studies [69,73]. If the development of
IF for the three test performed is considered, the higher values for this index are always
obtained when the lower ventilation rate is performed, Test 1. The increase of the ventilation
rate from Test 1 to Test 2 reduce the value of IF, and thus the contaminants intake of the HW
manikin decreases. Although, when the ventilation rate is increased again from Test 2 to Test
3, the tendency changes, and the obtained values for Test 3 are comparable to the obtained in
Test 1. The behavior of IF in the three different tests carried out show that the increase of the

ventilation rate over a certain value have a negative impact on IF.
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5 Conclusions

Experimental tests have been carried out to determine thermal comfort, ventilation
performance and contaminant exposition in a typical AIIR configuration using displacement
ventilation strategy. Three air ventilation rates have been tested to determine its impact on
these three issues. In view of the results of each test and the comparisons between them, the

following conclusions can be stated:

e According to the general comfort indices obtained for the three experiments carried
out, the two occupants have different thermal sensations under the same ambient
conditions, while HW identifies a hot environment, PP registers a cold one. It is due
to their different metabolic rates originated by their different level of activity. It can
be noted that the air ventilation rates tested in this experimental study have an impact
on the environment conditions of the experimental chamber and thus on the comfort
situation of the people inside it. The increase of air ventilation rate promotes air
temperature homogeneity in the low part of the chamber, decreasing ambient
temperature difference between the head and the feet of the manikins and thus
improving thermal comfort according to operative temperature (T,) index.

e Contaminant removal effectiveness (€¢) maintains a high effective performance value
for the three tests performed. Ventilation performance IAQ indices, air change
efficiency (&%) and local air change index (&f), maintain acceptable values in general
terms. Nevertheless, the performance of these values is not proportional to the air
ventilation rate set in each test. In fact, and on the contrary it might be though, the
increase of air ventilation rate has a negative impact on some of these values. The
same way, an increase of air ventilation rate not always lead to a reduction of
contaminant exposition. In most points around the inhalation point of the HW,

included the closest point to the inhalation, the exposition to contaminants increase.
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So, according to these values, an increase of air ventilation rate over certain values
doesn’t necessarily mean an improvement on ventilation performance and couldn’t be
justified on these terms when displacement ventilation strategy is used.

A “lock-up” phenomenon has been identified at a height above of P head. This
situation can promote the increase of contaminant concentration under this height.
This situation does affect, but not significantly, the exposition of the different points
around HW inhalation. This lack of affection is due to the effect of the convective
boundary layer, which provides fresh air from the lower part or the chamber to the
inhalation zone of HW, avoiding the penetration of contaminants in HW
microenvironment. The different experiments carried out suggest that this
phenomenon is undermined by the increase of air ventilation rate, increasing the
exposition to contaminants of HW.

The exposition to contaminants (€p) in a point around HW inhalation is dependent of
its position respect to the source. In general, the closer points from the source present
a higher contaminant concentration. Likewise, the maximum peak exposition and the
its frequency in such points is higher than in the rest of the considered points.

Intake fraction IF and local contaminant exposition indices (e5) show that the
contaminant concentration in the surroundings of the inhalation point is always higher
than the obtained in the inhalation airways. So, an overestimation of the real

exposition to contaminants

Considering all the results, this paper shows that displacement ventilation is a real alternative

to mixing ventilation as strategy for AIIRs. Comfort for patients and health workers can be

achieved as well as acceptable IAQ indices and HW contaminant exposition by using this

strategy the same way it could be done by using mixing ventilation. However, and according

to the results, high ventilation rates such as the recommended ones in the consulted guides for
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AlIRs design (12 ACH or more) are not justified when strategy displacement ventilation is
selected. The situation sets the necessity of distinguish the different ventilation strategies
when an air ventilation rate is recommended. It also draws attention, in a more general point
of view, on the necessity of extend the recommendations about ventilation in AIIRs not only
in the air ventilation rate but in other aspects such as the distribution of the room or the
position of the thermal loads that, at the end, determines how the air distributes inside the

room.
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