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Abstract 
Airflow and ventilation are particularly important in healthcare rooms for controlling thermo- 
hygrometric conditions, providing anaesthetic gas removal, diluting airborne bacterial contamination 
and minimizing bacteria transfer airborne. An actual hospitalization room was the investigate case 
study. Transient simulations with computational fluid dynamics (CFD), based on the finite element 
method (FEM) were performed to investigate the efficiency of the existing heating, ventilation 
and air-conditioning (HVAC) plant with a variable air volume (VAV) primary air system. Solid modelling 
of the room, taking into account thermo-physical properties of building materials, architectural 
features (e.g., window and wall orientation) and furnishing (e.g., beds, tables and lamps) arrangement 
of the room, inlet turbulence high induction air diffuser, the return air diffusers and two patients 
lying on two parallel beds was carried out. Multiphysics modelling was used: a thermo-fluidynamic 
model (convection-conduction and incompressible Navier-Stokes) was combined with a convection- 
diffusion model. Three 3D models were elaborated considering different conditions/events of the 
patients (i.e., the first was considered coughing and/or the second breathing). A particle tracing 
and diffusion model, connected to cough events, was developed to simulate the dispersal of 
bacteria-carrying droplets in the isolation room equipped with the existing ventilation system. An 
analysis of the region of droplet fallout and the dilution time of bacteria diffusion of coughed gas 
in the isolation room was performed. The analysis of transient simulation results concerning particle 
path and distance, and then particle tracing combined with their concentration, provided evidence 
of the formation of zones that should be checked by microclimatic and contaminant control. The 
present study highlights the fact that the CFD-FEM application is useful for understanding the 
efficiency, adequacy and reliability of the ventilation system, but also provides important suggestions 
for controlling air quality, patients’ comfort and energy consumption in a hospital. 
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1 Introduction 

An effective ventilation is recognized as a very important 
factor in the control of infections, for human comfort and 
also for energy recovery and system reliability solutions in 
operating theatres and isolation rooms in hospitals (Galson 
and Guisbond 1995; Li et al. 2007; Méndez et al. 2008; 
Dascalaki et al. 2009; Lim et al. 2010). It has been shown 
that an efficient heating, ventilation and air-conditioning 
(HVAC) installations can control the air quality and aseptic 
conditions, safe and suitable indoor thermal conditions for 
medical staff and surgeons, and patients (Balaras et al. 2007). 

HVAC operating for hospitals and their particular sectors 
has been investigated to guarantee the optimal airflow 
pattern inside isolation rooms for infective and in particular 
immune suppressed patients, so that clean air from the 
air-supply vents may carry the air across infectious sources, 
and then flow through the exhaust vents completely (Soper 
2008). Design of air ventilation systems has been greatly 
assisted by computer simulations based on computational 
fluid dynamics (CFD) modelling (Chow and Yang 2003). 
CFD can predict air velocities, temperatures and contaminant 
concentrations throughout the room for a range of plant 
design changes. This information has been interpreted in 
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terms of indoor air quality indices, and then compared against 
health criteria and also thermal comfort indices to assess 
patient comfort (Rygielsky and Uden 2007; Walker et al. 2007; 
Soper 2008; Tunga et al. 2009). CFD modelling provides 
useful indications on the supply diffuser locations and types, 
flow and ventilation rates, exhaust air vent locations, air filter 
efficiency, distribution of heat loads in the room, arrangement 
of furniture, and other obstacles to air movement (Jiang et al. 
2009; Qian et al. 2010). The work of Jiang et al. (2009) is crucial 
to derive useful suggestions on the minimum ventilation rate, 
corresponding to the dilution level for preventing airborne 
infection. Many authors have included a review of CFD 
techniques, including Patankar (1980), Chen and Srebric 
(2001), and Jiang et al. (2003) providing basic support   
for CFD simulations for studying the ventilation system 
performances for isolation rooms. The airflow patterns in 
isolation rooms are governed by the positions, configurations 
and specified velocities/pressures of the air-supply and 
exhaust vents of the ventilation system. Several works have 
highlighted how the indoor air quality of an isolation room 
can be guaranteed by efficient air-conditioning and ventilation 
system design, in controlling temperature, humidity, pressure  
and air quality (Farnsworth et al. 2006; Martini et al. 2007).  

Recent findings, reported in the literature, allowed 
switching on from operating rooms to isolation room which 
have similarities. Memarzadeh and Manning (2002) used 
computational fluid dynamics analysis to show that when 
the design is appropriate, laminar flow conditions are the best 
choice among a large comparison of flows and ventilation 
systems in order to control the risk of contaminant deposition 
in an operating room surgical site. They found that a low 
velocity (25 to 35 fpm), vertically directed, unidirectional 
downward airflow over the operation room table with return 
air (exhaust) ducts at various heights achieved optimal 
removal of airborne particulates (Memarzadeh and Manning 
2002). Comparison of performances (number of airborne 
particles, microbial contamination, kinetics of decontami- 
nation, rate of mixing and an index of functionality) of 
three types of airflow systems: laminar (unidirectional) flow, 
stabilised flow and turbulent flow, in the operating theatre 
in a French hospital, has shown that during operations, the 
laminar flow is the single airflow system to reach the class 
B10 (Talon et al. 2006). In a recent study, Brandt et al. (2008) 
analysed 55 hospitals in Germany and concluded there may 
be little benefit from vertical laminar airflow (LAF) for 
preventing surgical site infections in surgical procedures. 
Both the authors and many researchers have pointed that, 
although with conspicuous statistics, this was not a ran- 
domised, controlled, blind study. Other researchers have 
also pointed out that this investigation lacked details of the 
design of HVAC in operating rooms and of a number of 
preoperative care processes such as in participating facilities, 

skin preparation, timing of preoperative antibiotic prophylaxis, 
etc. (Brandt et al. 2008). 

The present article investigates the airflow patterns, 
distribution and velocity, and the particulate dispersion inside 
an existing typical hospitalization room equipped with an 
HVAC, with variable air volume (VAV) primary air system, 
combined with a ceiling radiant panel, for immune- 
suppressed patients, never modelled before. The present 
study is inspired by widespread awareness the importance 
of HVAC systems in resource allocation on the frontlines 
of public health preparedness (Soper 2008; Tang et al. 2006) 
and response to infectious disease. Transient simulations, 
applied to a three-dimensional model of the room, con- 
sidering most typical positions of two patients, investigated 
the airflow patterns associated with different cough con- 
ditions, in order to develop an understanding of the effects 
of these arrangements on the regions of droplet fallout. To 
study particles and/or control of virus dispersion in the 
isolation room, the door at first was considered closed, as 
often as practical so that the airflow can be kept stable, then 
in the last simulation it was considered open. For this study, 
results obtained in a recent work (Balocco and Liò 2011) 
were used, improving fluid-dynamic, thermal and diffusion 
modelling. The numerical simulations were performed to 
analyse diffusion of particles that emitted from a patient 
entering the breathing zone or reaching the body surface of 
another patient. For this reason a particle tracing and diffusion 
model, connected to cough events, was also defined. Transient 
simulations of the patients coughing conditions were per- 
formed over 60 seconds. The simulations were performed 
with the help of a commercial software (COMSOL 2009) to 
solve simultaneously coupled partial differential equations 
resulting from the fluid-dynamic, thermal and mass transfer  
(conduction, convection and diffusion).  

2 Experimental evidence of droplet transmission and 
deposition 

In recent years many works have focused on computational 
models using fluid dynamics approaches to investigate 
airflow patterns and the related spreading of infection in 
isolation rooms for different ventilation systems (Zhao et  
al. 2009; Muia et al. 2009; Méndez et al. 2008). The main 
attention of these papers has been the evaluation of the 
effects of supply and return air diffuser location and negative 
pressure in isolation rooms for patients with highly infectious 
diseases (Tunga et al. 2009; Walker et al. 2007). The HVAC 
design is fundamental to maintain negative pressure within 
isolation rooms and to protect health of workers, patients  
and visitors.  

This is also necessary to control patient risk from 
airborne diseases (Rygielski and Uden 2007). Door opening 
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causes the dispersion of air out of the isolation room. An 
isolation room held at negative pressure to reduce aerosol 
escape and a high air-change rate to allow rapid removal of 
aerosols can eliminate transmission of infectious aerosols  
to those outside the room.  

Tunga et al. (2009) found that an air velocity above 
0.2 m/s via a doorway effectively prevents the spread of 
airborne contaminants out of the isolation room with an 
open door (Méndez et al. 2008; Rygielski and Uden 2007). 
Techniques such as aerosol particle tracer sampling and 
computational fluid dynamics can be applied to study the 
performance of ventilation systems during coughing episodes. 
HVAC switch on-off impact on virus and bacteria load has 
been widely investigated recently (Rygielski and Uden 2007; 
Soper 2008; Stanley et al. 2008; Talon et al. 2006). It is very 
frequent for visitors or nurses to stand next or lean on a 
reclining patient or an upright sitting patient (Münch et al. 
1986; Kao and Yang 2006). A breathing zone in these studies  
refers to the roughly 10 cm area around the patient’s face. 

The work, presented in the present article, started from 
the consideration that badly designed and/or incorrectly 
operating ventilation arrangements in isolation rooms could 
put patients at risk from airborne diseases. Starting from 
critic analysis of literature results and experimental evidence, 
the present article provides a multiphysics approach to 
investigate the condition that particles emitted from patients 
coughing can have a very high probability of interacting 
with the patient’s breathing and vice versa. All the practical 
difficulties, mainly depending from long time legal per- 
missions, and low cooperation of the technicians of the 
hospital plants, for realizing experimental measurements 
(no spot test) in the isolation room e.g., particle image 
velocimetry (PIV); see Gupta et al. 2009; VanSchiver et al. 
2009), also without patients, made these collected literature 
results and experimental evidence very important to validate 
the CFD-FEM simulation. In particular, referring to the steady 
sate condition, concerning the air distribution and the 
assessment of the ventilation effectiveness, a good agreement  
between simulation results and literature can be deduced. 

3 Particle tracing and diffusion model 

In the present work a simple model concerning droplet 
dispersion that can carry viruses, due to coughing and 
sneezing, was defined and incorporated in the CFD-FEM 
transient simulations based on multiphysics approach. 
Virus dispersal in a hospital mainly depends on perturbation 
of intensity and direction caused by people moving or 
doors opening. Starting from literature (Li et al. 2010) the 
effects of the airflow patterns associated with different cough 
conditions and the ventilation assessments on microbial 
growth in supply air ducts were analysed. The coughing 

events that cause droplet transmission have been modelled 
in several sophisticated ways (Cunningham 1910; Yu and Diu 
1983; Marianne et al. 1987; Batchelor 2000; Tellier 2006) but  
they were not incorporated in a CFD intensive simulation. 

Several studies show that a close cough is unlikely to 
cause infection, whereas a close, unprotected, horizontally 
directed sneeze may be potent enough to cause droplet 
transmission (Yu and Diu 1983; Marianne et al. 1987; 
Tellier 2006; Stanley et al. 2008). Referring to the literature 
(Diekmann and Heesterbeek 2000; Tang et al. 2006; Walker 
et al. 2007) large droplets were considered with a diameter 
larger than 60 μm, small ones, if the diameter is less than 
60 μm, and nucleus droplets when less than 10 μm. Therefore, 
coughing and sneezing produce droplets in a size range from 
less than 1 to up to 2000 μm. In the present study particles 
of 10 μm, which are contagious at to 2 meters distance, 
were considered. Particles with this dimension remain in 
the air up to 491 seconds when performing a trajectory of 
1.5 m as reported by Yu and Diu (1983) and Diekmann  
and Heesterbeek (2000). Particles larger than 50 μm have  
a remarkably lower permanence in the air and are rarely 
inhaled by the patients. Moreover, particles of the size    
of 1.0 μm evaporate very quickly (Marianne et al. 1987; 
Diekmann and Heesterbeek 2000; Tellier 2006). The 
Cunningham Slip Correction (Cc) which is a correction to 
the drag coefficient, used to predict the drag force between 
a fluid and a particle moving through this fluid (Cunningham 
1910; Marianne et al. 1987; Tellier 2006) was used in the 
proposed model. When the particle diameters become 
small (less than 10 μm in the air) the fluid can no longer be 
considered continuous: the drag coefficient on each particle 
must be divided by the Cunningham correction factor. The 
correction factor is greater than 1, which means that the 
effective particle drag coefficient goes down. This reduction 
in particle drag is the “particle slip” (Cunningham 1910; 
Marianne et al. 1987; Batchelor 2000): 

λ
λ

p
c

p
1 2.34 1.05exp 0.39

d
C

d
⎡ ⎤
⎢ ⎥= + + −⎢ ⎥⎣ ⎦

( )              (1) 

where λ  is the mean free path and dp is the particle diameter. 
The free mean path of a particle, such as a molecule, is the 
average distance the particle travels between collisions with 
other moving particles. If a particle is much smaller than 
the mean free path, missed collisions are much more likely. 
For particle-droplets of 10 μm, in the air at atmospheric 
standard pressure, the mean free path of the air molecules 
is 0.066 μm and the corresponding Cunningham factor is 
0.015. In the present paper the following conditions were 
taken into account: the negative pressure of the isolation 
room provides the airflow performance that effectively 
controls the mean free path and dispersion of particles with  
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respect to the atmospheric standard pressure; the droplets 
are initially larger and the evaporation will reduce their 
dimension; the droplets contain glycol-proteins, lipid-proteins 
and lipid-glycids constituents of the mucous and also viral 
particles; these molecules are often very long, some of them 
reaching 2200 nm (Cunningham 1910; Marianne et al. 1987); 
they are sparsely distributed on the droplet surface increasing 
the collision of the droplets with the air molecules; the 
presence of glycol and lipid-proteins can increase the local 
viscosity of the droplets rather than that of pure water. These 
conditions generate a reduction of the Cunningham factor, 
towards its lower boundary, which is 1. Therefore in all the 
simulations a value of Cunningham factor, equal to 1, was 
used. After several exploratory analyses, the droplet turned 
out to be subjected to two forces: the force of gravity and 
the drag force of air resistance (Cunningham 1910; Batchelor 
2000). At low speed (v) and relatively low Reynolds number 
the air resistance ( f ) for a droplet of mass (m) is mainly 
proportional to the viscosity of the medium (η) and to the 
linear size of the droplet, and is given by the linear term. So the 
vertical component of the settling velocity is derived from 

2
p c

vertical 18
ρ d g C

v
η

⋅ ⋅ ⋅
=

⋅
                             (2) 

where ρ is the density of the particle (kg/m3), dp the particle 
diameter (m), g the gravity acceleration (m/s2), η  the air 
viscosity (Pa·s) and Cc the Cunningham factor. The horizontal 
component of the velocity can be derived from ( )f v b v= ⋅ , 
that is the linear term of the drag force of the air resistance 
(b is a coefficient that depends on particle diameter and nature  
of the medium) which gives  

horizontal 0 e
b τ
mv v

− ⋅

= ⋅ ( )                               (3) 

where ( / )b m  has the inverse dimension of time (1/sec, as 
the unit system used in this study) and 0v  is the velocity at 
time τ equal to 0. The horizontal component is indeed the 
most important factor since the effect of the vertical velocity 
largely depends on the angle of the coughing and the 
differences between the positions of the heads of the two 
patients. The vertical component of the velocity of the 
particles with the dimensions considered in our study and 
then for low Reynolds number values, is not significant for 
the analysis of the distribution and spread-diffusion of 
droplets. For a rain drop (approximated as a sphere) the 
coefficient b has the form b D β= ⋅ , where D denotes the 
diameter of the sphere and β depends on the nature of the 
medium. For a spherical drop in the air at the standard 
atmospheric pressure conditions (101 325 Pa) and temperature  
of 22℃, the value of the coefficient β, 41.6 10β −= ⋅ N·s/m2 

(Cunningham 1910; Batchelor 2000). The initial concentration 
value is due to the liquid phase and the corresponding density 
is 1 kg/dm3; the velocity which represents the mass transport 
equation solution was introduced into the software CFD- 
FEM simulation (COMSOL 2009) as initial condition. The 
diffusion coefficient of the contaminant was considered to be 
zero 10(1.0 10 )−⋅  assuming that the bio-aerosols, in the form 
of aerosol, are immiscible with the air (Cunningham 1910; 
Batchelor 2000). The progressive dilution of the biological 
effluent concentration is connected to the mass transport 
mechanism due to the ventilation plant. An expression that 
provides the cough velocity function fc (τ) during time τ (in 
seconds) taking into account both the horizontal and vertical  
components expressed in Eqs. (2) and (3), was carried out: 

c
1( )

0.0781207 0.113835 exp(15.2864 )
f τ

τ
=

− + ⋅ ⋅
       (4) 

At the initial instant τ = 0, it is equal to 28 m/s. For mass 
transport with diffusion (mol/(m2·s)) the following expression 
was defined 

2

2
2

H O c in
H O

H O

( )
mm

ρ f τ
N

⋅
=                              (5) 

where 
2H Oρ  is the water density and 

2H Omm  the water mo- 
lecular mass 318 10−⋅  kg/mol. 

4 The isolation room  

Using all the real data, a full-scale isolation room present  
in four hospitals in Italy (in Pistoia, Prato, Massa and Lucca, 
Tuscany) was modelled. It represents the typical isolation 
room equipped with a typical HVAC system for hospitalization 
in Italian hospitals.  

The 3D model of the room is provided in Fig. 1. In Italy 
health care facility design should follow regulations as in 
(UNI 10339 1995; ASHRAE 1995; UNI EN 13779 2005) that 
suggest 2 m3/h of volumetric flow rate of outside air being 
introduced for hospitalization rooms (with 3 m3/h for 
pediatrics) and 6 m3/h of air exchange rate for isolation  
rooms. For air exchange rate different values are imposed: 
 hospitalization rooms 2 m3/h (in particular 3 m3/h pe- 

diatrics), 
 immune suppressed patients 6 m3/h of inlet airflow rate 

and 5 m3/h of extraction; 
 infectious patients 6 m3/h of inlet airflow rate and 7 m3/h 

of extraction. 

The isolation room is equipped with a VAV and reliable 
central control system to sense the pressure differential 
between the patient room and surroundings and adjust fan 
operation to maintain desired pressure differential. This is a 
typical HVAC primary air system designed for hospitalization 
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infected patients and provides 6 m3/h of inlet air and 7 m3/h 
of extraction air (UNI 10339 1995; UNI EN 13779 2005). 
The room is ventilated by a commercial “turbulence” high 
induction air diffuser (ceiling diffuser) located in the centre 
of the ceiling and in the middle area between the two beds, 
indicated by A (Fig. 1). In particular its data sheets call the 
inlet high induction air diffuser “turbulence” because it is 
composed of radial distribution of fins that are differently 
oriented and inclined. The exhaust air is expelled by three 
return air diffusers located on the ceiling, the door of the 
toilet and the one adjacent to the corridor. These air vents 
are respectively indicated by capital letters B, C, D (Fig. 1). 
The scheme of the constant pressures inside the room was 
calculated referring to these data and the air diffuser dimen- 
sions. For the air inlet, the ceiling return air and door return 
air, the dimensions (transversal section), set constant total 
pressure and airflow rates respectively as follows: 0.36 m2, 
26 Pa and 480 m3/h; 0.157 m2, 7 Pa and 420 m3/h; 0.125 m2, 
18 Pa and 130 m3/h; 0.125 m2, 18 Pa and 70 m3/h. The exhaust  

 

Fig. 1 The 3D model of the isolation room (volume 76 m3, average 
height 3.4 m) with the air inlet (A) and air return (B,C,D) diffusers 

vents of the ventilation system were set at an outlet pressure 
value in order to maintain the negative pressure within the 
room as imposed for infectious patients (UNI 10339 1995;  
UNI EN 13779 2005). 

5 Solid modelling 

A three dimensional model of the isolation room was 
produced using a CAD data base. The inlet high induction 
air diffuser was solid-modelled by commercial design 
software (Solidworks 2009) gradually changing its geometry 
considering tilt and directionality of its fins. At the same 
time testing simulation results were obtained by CFD-FEM 
simulations (COMSOL 2009). This supply air diffuser spreads 
in all directions and its modelling is complicated. Referring 
to literature (Huo et al. 2000) useful suggestions provided by 
the method for describing the supply air diffuser boundary 
conditions were taken into account for the CFD simulation, 
using the diffuser characteristic jet equations. This allowed 
comparison of the real data provided by the company on the 
air inlet velocity and its downward flow from the ceiling 
with those obtained by first basic simulations (Fig. 2). The 
heads of the two patients, lying on two parallel beds, were 
modelled using solid geometry to take into account their 
different positions. In particular three outflow head surfaces 
were modelled and used to simulate the inlet surface of the 
bio-aerosols (mouth) related to the different position of each 
patient. The head surfaces of the patients were also considered 
two heat sources (latent and sensible). The two bed- 
headboard lamps, the safety lamps on the ceiling, external 
opaque wall and the French-window were also modelled. 
Architectural features and thermo-physical properties of 
different opaque and transparent components of the room 
were taken into account. Three models/scenarios which 
differ in the direction of coughing and breathing for the 
same position of the two patients, described by the “supine 
position” that is when the patients lie on their backs facing  
the ceiling, were considered. 

 
Fig. 2 The high induction air diffuser A (a) and the air displacement and velocity field due to the air return diffusers C and D (b) 
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6 The CFD-FEM simulation 

According to studies and experimental results in the 
literature (Memarzadeh and Manning 2002; Talon et al. 
2006; Brandt et al. 2008), laminar airflow condition was 
assumed in the present work, because air velocity is at low 
values as imposed (UNI 10339 1995; ASHRAE 1995; UNI 
EN 13779 2005), with low values of Reynolds number (<105). 
This means that large convective vortices may occur, within 
which an airflow of a “laminar type” is still present, because 
it is connected to the fluid layers slipping. As a matter of 
fact, one of the most important simulation issues is the use 
of turbulent versus laminar flow modelling approaches. 
High velocity vertical laminar airflow (LAF) (90 to 400 feet 
per minute, or fpm) has been typical and used in many 
hospitals for decades in the US, UK, and Europe. The use 
of unidirectional laminar flow ventilation is today a valid  
system used for patient isolation and bacterial control. 

Time dependent simulations based on Incompressible 
Navier-Stokes, Convection and Diffusion and Convection 
and Conduction model for the three scenarios with the aim 
of investigating the temporal patterns of the ventilation flow 
and the particles tracing and diffusion in the conditions of 
coughing and breathing of the two patients, were carried out. 
COMSOL Multhiphysics code was used (COMSOL 2009). 
See (Verdier 2004; van Schijndel 2009) for a comparison of 
COMSOL with respect to other currently used CFD software. 
The transient simulations with thermal and fluid-dynamic 
coupled models were preceded by a long enough run without 
cough/sneeze events. The sneeze and/or cough events were 
considered at the beginning of the transient simulation. Then 
for all the transient simulations, considering the “supine 
position” three events (coughing and/or breathing) were 
investigated: the first event (model_1) concerns the first 
patient coughing three times when the second is breathing; 
the second event (model_2) concerns the first patient 
coughing three times when immediately after the second 
coughs twice, the third (model_3) concerns both patients 
coughing, at the same time, three times. For all these models 
the door was kept closed, so that particle diffusion would 
be influenced by ventilation airflow patterns alone. The 
“impulse” functions (volumetric and mass flow due to 
coughing) for the simulation of coughing events were 
repeated over time, with a time interval as “peak-to-peak” 
equal to 2 seconds. In model_2, the time phase displacement 
between coughing events of the two patients was taken as  
6 seconds. These conditions remain throughout the entire 
simulation of 60 seconds when the ventilation system 
operating and the coughing/breathing events happen. Each 
simulation considers the results of both the ventilation 
system in standard operating conditions and the effect of 
the coughing/breathing events. They were performed with 

a long enough run (60 seconds) for the cough/sneeze events 
combined with the stationary model of ventilation considering 
a single and/or repeated sneeze and/or cough event at the 
beginning of the simulation, with an inlet velocity at the 
initial instant due to the cough of 28 m/s, which is the 
maximum experimentally determined connected to the 
transient flow due to the impulse that has a length of about 
one second (Phillips et al. 2004). The inlet/outlet breathe  
velocity was considered constant 0.9 m/s. 

Thermal boundary conditions due to sensible and latent 
heat released by the head surface of the two patients, sensible 
heat of the two bed-headboard lamps and safety lamps on 
the ceiling, and then thermal conditions of the external 
opaque wall and the French-window were taken into account. 
The thermal conditions that are strictly connected to the 
indoor airflow displacement and buoyancy thermal effects, 
in particular due to the plant system solution (the HVAC- 
VAV plant combined with radiant panel in the ceiling) and 
variation of temperature and heat flows related to climatic 
stresses and external building thermo-physics, were taken 
into account. The (full) input data, sub-domains settings, 
boundary conditions and basic equations used for all the 
time dependent simulations, combining the Incompressible 
Navier-Stokes, Convection-Conduction (Appendix Eq. (A1)) 
and Convection-Diffusion models (Appendix Eq. (A2))  
on the non-isothermal airflow (Appendix Eq. (A3)), are 
provided in the Appendix. For indoor climatic conditions, 
a uniform internal air temperature of 22℃ and 50% of 
relative humidity were assumed, as provided by the plant 
and suggested (UNI 10339 1995; ASHRAE 1995; UNI EN 
13779 2005). External climatic data were set at the external 
design conditions of 0℃ air temperature and 85% relative 
humidity. The simulations started with the Incompressible 
Navier-Stokes application mode, under laminar flow con- 
ditions and then the turbulence k-ε model was activated. 
The software automatically reformulates the equations with 
the exception that additional boundary conditions for the 
turbulence model needed to be specified: e.g., the eddy 
viscosity automatically replaces the molecular viscosity 
(Batchelor 2000; COMSOL 2009). Simulation results were 
used to calculate the mean air velocity value of the central 
inlet air diffuser, that is 1.36 m/s according to the technical 
data provided by the company. Therefore even with reduced 
surface diffusion, the airflow is laminar and produces the 
airflow adherence to the ceiling (it guarantees the “coanda 
effect”) and its slow fall down. The airflow modelling based 
on CFD with FEM, solves the fundamental conservation 
equations for mass momentum and energy in the form of 
the Navier-Stokes equations. The airflow modelling without 
taking into account the coughing events, provided low 
Reynolds numbers (102− 104) that suggested using the 
Incompressible Navier-Stokes model (that uses the Boussinesq 
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approximation) which was combined with Convection- 
Diffusion and Convection-Conduction models. The Bous- 
sinesq approximation is a way to treat some simple cases of 
buoyant flows without having to use a compressible for- 
mulation of the Navier-Stokes equations. This approximation 
assumes that variations in density have no effect on the 
flow field, except that they give rise to buoyant forces. The 
air density was then taken to be a reference value, ρ0, except  
in the body force term, which was set to  

0( Δ )ρ ρ= + ⋅F g                                 (6) 

where g is the gravity vector. First extensive transient 
simulations were performed employing coarse and normal 
and fine mesh, checking the mesh quality to obtain solutions 
with acceptable accuracy. Then grid independence analysis, 
that is a very important issue in this type of modelling, was 
performed. In conducting CFD analysis it is important to 
undertake a grid refinement process by gradually reducing 
the grid spacing (cell size) used in the analysis to examine 
the effect of the reduced cell size on the predicted outcome. 
It is usual to find that, as the cell size is reduced, the results 
converge. Thus, further reducing the cell size has virtually 
no effect on the results produced and the result is known as 
grid-independent result. Results obtained from grid depen- 
dent solutions may prove to be costly, in that engineering 
design decisions can be made using potentially faulty 
information. In order to quantify the influence of the mesh 
quality and resolution on results, the reference numerical 
model was gradually solved by varying the number of 
constituent elements of the computational grid: different 
simulations were performed under the same physical 
reference settings on domains and boundary conditions  
referring to the all parameters value of model_3.  

The check on grid quality was conducted by monitoring 
the spatial distribution of thermo-physical parameters and 
the relative differences between the results, by varying   
the degree of the mesh fitting and defining higher mesh 
resolution and quality. Seven cases (Ⅰ−Ⅶ), corresponding 
to higher mesh density, were considered. Table 1 shows the 
number of mesh elements (all tetrahedral), percentage of 
mesh element increase, degrees of freedom solved, system 
solver used for the simulations, computational time and 
RAM needed. Increase in the number of elements leading 
to negligible differences in the solutions was also checked. 
The mesh density was selected to combine solution accuracy 
with reduction of computational time needed for convergence: 
a good mesh quality was obtained by 382 000 degrees of 
freedom with 55 216 tetrahedral elements for a non-structured 
grid. This is consistent with most recent similar studies that 
use meshes with a number of degrees of freedom usually 
ranging from 70 400 to 356 900 (Zhao et al. 2009). These 

Table 1 Grid independence analysis 

Mesh
case

Number 
of 

elements

Mesh 
fitting 

(%) 

Degree  
of  

freedom 
System  
solver 

Computa-
tional time 

(h) 
RAM
(GB)

Ⅰ 8058 — 60553 UMFPACK 2.1 2.2 

Ⅱ 13763 70.8 99327 UMFPACK 4.1 3.5 

Ⅲ 16498 19.9 119109 UMFPACK 5.9 4.1 

Ⅳ 27460 66.4 190047 UMFPACK 7.7 5.3 

Ⅴ 37525 36.7 258577 UMFPACK 16.1 6.2 

Ⅵ 48202 28.5 331910 UMFPACK 28.6 7.3 

Ⅶ 55216 14.6 380101 UMFPACK 36.1 8.6 

 
numbers are of the same order of magnitude as the present 
study but with an important difference: studies in the literature 
do not take into account simulation of HVAC system per- 
formance based on multiphysics approach (heat and mass 
transfer combined with diffusion and fluid-dynamics model). 
Numerical integration used is the implicit backward Euler 
method with backward differentiation formulae (BDF) 
multistep which guaranteed the quality and robustness of the 
solution: this method allowed by automatic choices the 
time step on each iteration with checks and controls on the 
tolerance imposed on the error and stability regions. The stop- 
convergence criterion was chosen 51 10−⋅  with independence 
of the results to the mesh density less than 5% compared to 
the reference mesh. The direct system solver “UMFPACK” 
of Unsymmetrical Multi-Frontal was used (COMSOL 2009). 
The influence of the mesh degree quality and resolution on 
the simulation results was checked calculating the value of 
velocity, pressure and temperature at a barycentric point  
in the room. Table 2 shows the relative differences of these 
variables, calculated by taking as a reference and normaliza- 
tion value for each parameter, the one achieved by the finer  
mesh (mesh case Ⅶ). This means, e.g., for the velocity v: 

( ) mesh_III mesh_VII
mesh_III

mesh_VII
difference 100v vv

v
−

= ⋅           (7) 

Due to computational time and complexity, the optimization 

Table 2 Differences analysis of the parameters value 

Mesh
case

Velocity
(m/s)

Difference
(%) 

Pressure 
(Pa) 

Difference 
(%) 

Temperature
(℃) 

Difference
(%) 

Ⅰ 0.0668 57.97 22.02 103.06 22.42 1.86 

Ⅱ 0.0556 31.64 17.58 62.10 22.56 1.24 

Ⅲ 0.0528 24.90 15.95 47.11 22.61 1.03 

Ⅳ 0.0477 12.75 13.60 25.41 22.71 0.59 

Ⅴ 0.0445 5.24 12.23 12.75 22.78 0.25 

Ⅵ 0.0429 1.45 11.04 1.77 22.80 0.20 

Ⅶ 0.0423 — 10.84   — 22.84 — 
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of the system solver was carried out. Simulations performed 
for the three models studied (models_1, 2, 3), needed a com- 
putational time for convergence of 36 hours for each one,  
using a Processor Pentium 7 Quad Core with 12 GB RAM. 

7 Results and discussion 

As good practice in CFD, all simulations to study ventilation 
and airflow displacement were carried out disregarding the 
coughing and breathing of the patients. Then transient 
simulations considering the ventilation system operating 
and the 60 seconds long coughing/breathing events of the 

two patients were performed. Figure 3 shows the velocity 
field with a slice representation at the height of 1 m (nearest 
to the beds, Fig. 3(a) and 2 m (Fig. 3(b)). Their comparison 
shows that the HVAC plant does not produce important 
vertical air vortices but stagnation zones between the two  
beds and the ceiling. 

The ventilation and air diffusion pattern inside the room 
with no coughing and breathing events of the patients, are 
provided in Fig. 4. This result agrees with the literature 
results by Phillips et al. (2004), for a steady state scenario. 

Analysing Fig. 5, it appears that the higher particle con- 
centration remains in the zone of the emission sources (the  

 
Fig. 3 Velocity field at 1 m (nearest to the beds; (a)) and 2 m (b) height from the floor provided by the only air ventilation system
operating—slice representation 

 
Fig. 4 The velocity field with wide convective vortices due to the combined effect of the ventilation with the temperature gradient 
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Fig. 5 Particle concentration and diffusive flux, model_3, at 30 seconds (a) and 60 seconds (b) of transient simulation 
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breathing zone) at about 10 cm, as shown in the literature 
(Rygielski and Uden 2007; Stanley et al. 2008; Talon et al. 
2006), whereas the streamlines of the velocity field rise to the 
ceiling with wide convective vortices due to the combined 
effect of the ventilation with the temperature gradient. The 
airflow field is minimally influenced by patients sensible 
heat transfer and the fact that the temperature difference 
throughout the room is small. The flow field and velocity 
distribution induced by the high turbulence air inlet diffuser, 
combined with the air return diffusers, produce wide 
recirculation zones near the wall and small partial stagnation 
areas near the ceiling and between the two beds (Fig. 4). 
Variable directions of the airflow, due to the high turbulence 
air inlet diffuser, provide its widespread and homogeneous 
distribution (the so called “coanda effect”) on the ceiling 
and then its progressive drop down. The mean air velocity 
value of the central diffuser, calculated by obtained results, 
is 1.36 m/s, therefore even with reduced surface diffusion, 
the airflow is laminar in adherence to the ceiling. Comparing 
Fig. 6 and Fig. 7, it can be seen that the airflow field is 
minimally influenced by the patient heads and lamps and 
the temperature difference throughout the air volume in 

the room is 0.5℃. The mean indoor air temperature value 
is almost identical to the supply air temperature of 22℃, 
except in areas close to the patients and to the radiant panel 
on the ceiling (Fig. 6). Vertical temperature variation at the 
occupant zone is lower than 3℃ and this provides uniformity 
in temperature distribution in the zone between the two 
beds, according to ISO 7730 (2005). This result could be due 
to high rate level of ventilation. The downward airflow from 
the inlet air diffuser pushes air from the ceiling downward 
towards the return air outlet diffusers. Both the velocity 
and temperature field are similar in the three scenarios 
(models_1, 2, 3), all of which have “laminar” streams with  
wide convective vortices. 

Obstacles and heat transfer (from patient heads, lighting 
and the ceiling radiant panel) but also the building com- 
ponents (windows and external walls) interaction with solar 
radiation and the external air temperature value, interact 
with the main airflow pattern. Buoyancy driven airflow 
around the patient heads raises particles above lighting, the 
wall behind and in the particular zone between the beds. It 
can be found that the position of the two bed-headboard 
lamps has a remarkable effect on airborne particle dispersion 

 

Fig. 6 Temperature field—at 1 m height (a), slice-detail (b) on the wall (c), and the whole room (d) 
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(Fig. 7). The particle concentrations (point sources were 
assumed for the present study) in various parts of the room 
are very sensitive to the location of the particle sources as 
highlighted by Chow and Yang (2003). Particle tracing and 
diffusion suggest that in the room there is a formation of a 
zone, albeit a limited one, that should be checked by a 
microclimatic and contaminant control between the two 
beds and around the ceiling surface. In particular, model_2 
and model_3 provide the most critical conditions in the 
isolation room, due to bio-aerosol concentration: the 
temporal and spatial dynamics of coughing of the two 
patients produces an increase in bio-aerosol residual 
concentration. The analysis of the residual concentration 
highlights the presence of important levels of bio-aerosol in 

the vicinity of the upper zone of the two beds, of the wall 
adjacent to them and the surfaces of the bed-headboard 
lamps. Bio-aerosol concentration, over 10− 50 seconds, 
achieves high values and then decreases with time because 
of the continuous dilution provided by the airflow inlet. 
During transient airflow displacement (50− 60 seconds) a 
local stagnation zone of higher bio-aerosol concentration is 
produced between the two beds and small recirculation 
flows are generated near the patients, due to lower 
displacement efficiency of the plant. The particle tracing 
results show that particles arrive at more than 2 meters 
distance from the coughing patient and also show their 
impact on the wall, ceiling and, in particular, bed-board 
lamps. The contrast of the particle tracing results highlights 

 

Fig. 7 Velocity field—vertical component “z” (a) and detail near the bed (b) 
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the fact that the position of the air return diffusers and 
central high induction air supply are not effective in 
removing particles and viruses at the patients breathing 
zone. The diffusive flux of particles and their concentration 
obtained highlight the position of these particles with a 
diameter of about 510−  μm during time due to coughing 
(Fig. 5(a) at 30 seconds, and (b) at 60 seconds). These 
trajectories (Fig. 5) refer to these particles whose positions 
at the initial instant overlap with the surface of the mouth  
of the coughing patient.  

To better investigate the ventilation system performances, 
a new model that takes into account open door condition 
was simulated. Starting from the model_3 concerning both 
patients coughing three times at the same time (in particular 
from 0 to 10 seconds during transient simulation), the door 
was opened and simulation was performed from 10 to 60 
seconds under this condition. The wall adjacent to the 
corridor and its open door were considered separated for 
imposing different sub-domain settings and boundary 

conditions. The boundary condition for the wall with the 
open door was assumed to be of “fluid adhesion” (no-slip 
boundary condition) and the constraint condition for the 
opening was taken at the same pressure difference as the air 
return diffuser located on the closed door. The door opening 
causes a remarkable airflow to the adjacent zone (Fig. 8) as 
well as particle diffusion in the corridor even if bio-aerosol 
residual concentration remains higher in the zone of the 
wall opposite to the patients bed (Fig. 9) as reported from 
experimental results by Phillips et al. (2004). The simulation 
results showed that the position of an air inlet ceiling diffuser 
and of the exhaust vents is critical: the location on the centre 
of the ceiling of the high induction air supply diffuser, 
combined with the placement of the air return diffusers 
produces effects on the airflow pattern and causes the arrive 
of some particles at the door, according to the fundamental 
work of Kao and Yang (2006). The placement of the air 
return diffuser in particular immediately over the patient 
bed would result in better removal of airborne particles as 

 
Fig. 8 Velocity field—slide representation at 20 seconds of transient simulation: on a plane normal to the open door (a) and on a plane at
1.5 m from the floor (b) 
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also reported from the experimental results by Kim and 
Augenbroe (2009) and Kao and Yang (2006). Meanwhile 
the airflows in regions of the room, away from the supply 
vent, have lower velocity values and variable direction due 
to recirculation effects near the air return diffusers and the 
radiant panel on the ceiling. The region of droplet fallout is 
wide, even when the door is open, because positioning in the  
centre of the ceiling of the high induction air supply vent.  

8 Conclusions 

This study provides useful indications for controlling 
dispersion and concentration zones of droplet nuclei. It can 
provide important recommendations for disease control 
and careful design and optimization of ventilation in the 
studied isolation room obtaining significant reduction of 
energy consumption in the hospital where it is located. 
Results can provide useful indications on the selection of 
the best type and position of the high inlet air diffuser in 
order to minimize the intermixing between supply air and 
the air in the room. This is crucial because in Italy it is very 
difficult to carry out experimental measurements and/or 
monitoring campaigns inside hospitals, especially in isolation 
rooms, because there are very strict sanitary regulations 
mainly depending on long time legal permissions and com- 
plicated procedures. The main problem, highlighted by the 
sanitary regulations, concerns experimental measurements  
with the presence of patients in isolation rooms. 

The obtained results provide a mean air velocity at the 
patients’ beds, within the recommended threshold value  
of less than 0.25 m/s and its accordance with literature 
results (Chow and Yang 2003; Tunga et al. 2009), but most 
importantly, indicate the risk contagious zones. Results 

show the best position for the room studied, of the extract 
air diffuser that should be at low levels (close to the floor and 
between and behind the head of two patients). The residual 
bio-aerosol concentration (under closed and open door 
conditions) provides an indication for the best protection 
distance between the beds for controlling patient but also 
medical staff and visitor infection. This study highlights the 
fact that contaminant removal efficiency, in particular in 
the zone between the two beds, would appear to be more 
appropriate: it is not possible with the existent ventilation 
system to control the particles released during coughing 
events to prevent them from reaching the breathing zone. 
Results comparison highlights how the present ventilation 
system can not control particle diffusion and residual 
concentration when the door is open. This agrees with some 
literature results (Kao and Yang 2006; Kim and Augenbroe 
2009; Phillips et al. 2004). It would appear that for severe and 
acute contagions, an anteroom should be necessary to protect  
the patient and/or occupants/workers in the hospital. 

The CFD-FEM simulation approach, reproducing real 
cases, is a valid method for determining the efficiency of 
the ventilation system, is rather inexpensive (in particular it 
can also be applied for using open software) and could be 
used (after threshold evaluation assessed through tests and 
data fitting on the particular conditions) for routine evaluation 
of effectiveness in normal plant activity. This approach can 
be also a valid tool for proper ventilation design in order to 
reduce energy consumption due to operation modes of the  
VAV ventilation system. 

The method, that was applied to an isolation room, 
could equally be extended to other targets such as: operating 
theatres, wards, reception areas and admission wards, public  
transport. 

 

Fig. 9 Particle concentration, model_3, at 60 seconds of transient simulation(slice normal to the open door) 
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Appendix 

The sub-domain settings and boundary conditions, used 
for all the time dependent simulations, combining the 
Incompressible Navier-Stokes, Convection-Conduction and 
Convection-Diffusion models on the non-isothermal airflow, 
are provided in this appendix. The equations used by CFD-  
FEM transient simulation are as follows: 

Sub-domain settings equation used for Convection- 
Conduction model: 

∂
∂ts ( )p

p
ρ C T

δ k T Q ρ C u T
τ

⋅ ⋅
+∇⋅ − ∇ = − ⋅ ⋅ ⋅∇        (A1) 

where 
ρ  density (kg/m3) 
Cp the specific heat capacity at constant pressure (J/(kg·K)) 
T absolute temperature (K) 
k thermal conductivity (W/(m·K)) 
u velocity vector (m/s) 
Q heat source (W/m2) 
τ time (s) 

tsδ  time scaling coefficient 
Sub-domain settings equation used for Convection- 

Diffusion model: 

Air (fluid)   2
ts 2 2

H O ( H O) H Oδδ D R u
τ
+∇⋅ − ∇ = − ⋅∇

∂
   (A2) 

where 
H2O  concentration (mol/m3) 
D  diffusion coefficient—isotropic (m2/s) 
R  reaction rate (mol/(m3·s)) 
u  velocity vector (m/s) 
τ  time (s) 

tsδ   time scaling coefficient 
Sub-domain settings equation used for the Incompressible 

Navier-Stokes model: 

( )T
δ ( ) [ ( )]
δ

uρ ρ u u p I η u u F
τ
+ ∇ =∇− ⋅ + ∇ + ∇ +       (A3) 

and starting with the momentum balance in terms of stresses, 
the generalized equations in terms of transport properties 
and velocity gradients are 

( ) ( )Tδ [ ( )]
δ

uρ η u u ρ u u p F
τ
−∇ ∇ + ∇ + ⋅∇ +∇ =        (A4) 

where 0u∇ =  
F  volume force vector (N/m3) 
η  dynamic viscosity (Pa·s) 
ρ  density (kg/m3) 

p  pressure (Pa) 
T  absolute temperature (K) 
u  velocity vector (m/s) 
τ  time (s) 
The first equation refers to the momentum transport equations 
and the second is the equation of continuity for incompressible 
fluids. 

The boundary settings used are provided for the 
Convection-Conduction model a)− f), Convection-Diffusion 
model e)− g) and then for the Incompressible Navier-Stokes  
model h)−k): 
a) “Insulation” for all the internal walls and doors, the two 

beds, ceiling, floor, the two bed-headboard lamps and the 
lighting on the ceiling. 

b) “Heat flux” for the external wall and the French-window 
taking into account for the convective coefficient and the 
external air temperature a constant value 25 W/(m2·℃) 
and 0℃, respectively. 

c) “Temperature” for the radiant panel on the ceiling, at the 
fixed value of 26℃ as suggested (ASHRAE 1995). 

d) “Temperature” for the inlet air diffuser, assuming the 
constant value of the air inlet of 22℃. 

e) “Insulation symmetry” linked to all the walls and doors, 
the two beds, the ceiling, floor and all the lighting. 

f) “Convective flux” for all the air return diffuser and also 
for the air inlet diffuser. 

g) at the “supine position” of the patients, the boundary 
condition associated with the mouth of the patient 
breathing was “convective flux”; the boundary condition 
associated with the mouth of the patient coughing was 
“inward flux” linked to the “cough function”. 

h) “No-slip” for the all walls and doors, the two beds, the 
ceiling and floor. 

i) “Pressure-no viscous stress” with a boundary type “outlet” 
for the air return diffuser B, located in the ceiling, for the 
air return diffuser C, located in the door of the toilet and 
for the air return diffuser D, located in the door adjacent 
to the corridor (Fig. 1). 

j) “Velocity” with a boundary type “inlet-normal inflow 
velocity” for the air inlet diffuser A, located in the centre 
of the ceiling (Fig. 1). 

k) The boundary type and boundary condition associated 
with the mouth of the patient breathing were respectively 
“outlet” and “velocity-normal outflow”; the boundary 
type and boundary condition associated with the mouth 
of the patient coughing, were respectively “inlet” and 
“velocity-normal inflow” that is the velocity value provided 
by the cough function. 

Input data used were as follows: 
a) The thermal conductivity, density, viscosity conductivity 

and specific heat of the air were considered constant. 
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b) The density, molecular mass (18∙10−3 kg/mol) and diffusion 
coefficient of the water (1∙10−10 m2/s) were considered 
constant. 

c) The inlet velocity at the initial instant of transient 
simulation, due to coughing event was considered constant 
(28 m/s). 

d) The inlet/outlet breathe velocity was considered constant 
(0.9 m/s). 

e) The inlet air temperature form the central air diffuser 
was taken at 22℃ as provided by the plant design. 

f) The mean ambient temperature and relative humidity were 
fixed to the values provided by the plant at 22℃ and 50%, 
respectively. 

g) The sensible and latent loads due to “rest and sat” activity, 
taking into account the clothes and the ambient air 
temperature of 22℃, are 76 W and 26 W, respectively, 
as usually suggested for the standard body area of 1.8 m2 
(from DuBois formula (Galson and Guisbond 1995)). Then 
taking into account the mean body conductivity and the 
head volume, the specific dissipation heat and total power 
of the head were evaluated. 

h) The pressure scheme inside the room was calculated 
referring to the HVAC-VAV primary air system and to 
the air diffuser dimensions indicated in the plant system 
project. 

i) Taking into account the thermo-physical properties of 
the different constituent layers, the equivalent thermal 
transmittance of the external wall and French-window 
were evaluated and considered constant (external wall 
0.287 W/(m2·K); French-window 1.048 W/(m2·K)). 

j) Specific dissipating heat and power for the two bed- 
headboard lamps were calculated taking into account their 
lighting parameters (compact fluorescent, 4000 K colour 
temperature, 58 W absorbed power, 1350 lm lighting flux). 

k) Safety lighting on the ceiling was considered a barrier to 
the air displacement. 
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