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Abstract 
A study on performances of different ventilation schemes provided by vertical and horizontal un-
idirectional air flow was carried out in a standard orthopaedic operating theatre (OT). Starting 
from our previous studies of a real OT under operating use conditions, in this research different 
air flow configurations, considering some air curtain solutions on the ceiling and at the sliding 
door always assumed to be open as a basic boundary condition, were investigated by numerical 
simulations. Indoor air quality (IAQ) indexes and thermal comfort parameters, deduced from si-
mulation results were calculated and discussed referring to the best performance and efficacy 
between the air flow schemes to contrast the incorrect use conditions of the OT. Referring to the 
studied schemes, the reciprocal comparison emphasizes that a successful outcome in preventing 
surgical site infection can depend as much on resolving human factors (i.e. operational use condi-
tions, door opening/closing), as on overcoming physical and technical obstacles. 
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1. Introduction 
The design of any OT is a complex task and is conditioned by high indoor requirements of microclimate (mainly 
due to the stability of air temperature, relative humidity, scheme of pressures, mean velocity) and air quality.  

All the present standards provide important and tight threshold limit values of microclimatic parameters, con-
taminants concentration and IAQ levels, for the OT design [1]-[11]. Therefore, there is a great deal of research 
on ventilation system efficiency for providing the most effective airflow pattern for contaminant removal 
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(microorganisms i.e. fungi, bacteria, viruses; chemical i.e. waste anesthetic gases, CO2 and particulate matter) 
and assuring the control of surgical site infection risk. The goal of any air distribution system is to protect the pa-
tient and surgical staff from cross-infection and at the same time assuring occupant comfort: but it has also been 
found that thermal control for occupant comfort can affect sepsis control within the three zones (occupied zone, 
breathing zone and perimetral zone) of the OT. Ventilation system performance in OTs can be directly and/or in-
directly evaluated, with passive and active air sampling techniques, in the first case, and real simulations of par-
ticle/bacteria transport using fixed sources or tracer gases when the OT is not in operating conditions, in the 
second one. The greatest advantage of the latter method, is due to the source strength fixed position, so that ven-
tilation system performance variations can be directly evaluated by the measured concentration differences.  

Some authors have studied the effectiveness of ventilation systems and airborne bacteria removal due to the 
HVAC plant, in particular, in the surgical critical zone (operation table and instrument tables). Experimental 
measures carried out in a test chamber reproducing a real standard OT are based on the use of gas sources placed 
on the floor in proximity of the operating area [12]. CFD modelling and simulation are widely applied for pro-
viding useful indications on proper indoor microclimate conditions and IAQ, that are prerequisites for securing a 
safe and adequate environment for any OT [13]. Usually, three-dimensional time-dependent CFD models are 
developed to assess the airflow patterns, air velocity and temperature distribution due to laminar unidirectional 
(vertical downward) air flows [14], in other cases to turbulent air flows and also to the air curtains so as to 
achieve IAQ and optimal air asepsis [15] [16]. 

Other authors have used CFD for a three dimensional analysis of thermal comfort and contaminant removal 
inside hospitals: checking model validity by experimental literature evidence and data comparison, they calcu-
lated the predicted mean vote (PMV), contaminant removal effectiveness (CRE) and mean contaminant concen-
tration in the breathing zone by transient simulation results, in order to assess HVAC system efficiency. They 
investigated the effect of horizontal location of supply and exhaust grilles also for maintaining adequate comfort 
conditions for patients and surgical staff [17] [18]. In much of the literature computational fluid dynamics (CFD) 
simulation has been used to assess colony forming unit (cfu) dispersion and evaluate air flow distribution effec-
tiveness in real OTs [19] [20] and in other more specific research the influence of periodic bending movement of 
the medical staff combined with bacteria carrying particle distribution on the airflow field and temperature dis-
tribution have been investigated [20].  

Most of these studies consider correct use, on-design operational conditions of OTs. Some analyses have been 
proposed concerning moving object effects on the airflow inside OTs [21] [22]. In the above papers the moving 
mesh approach is applied in order to manage the fluid-solid interface during transient simulations. An impres-
sive study concerning the influence of movements on contaminant transport in an OT has been published by [23], 
using smoke visualization and numerical simulations to estimate the increase of contamination potential risk due 
to moving medical staff. In a recent study, an experimental and numerical investigation on the airflow patterns 
and thermal field in a real OT has been presented [24]. Different scenarios representative of “at rest” and “oper-
ational/effective use” conditions were measured and simulated, then numerical models successfully validated 
against experimental data. Simulations were developed to investigate the air flow and climate assessment in the 
real OT studied, considering real events such as surgical staff movements, and sliding door opening/closing 
phases [24]. In particular, the adopted procedure for simulating the “moving objects” inside the room and their 
influence on the air flow pattern, has been explained in detail in previous studies by the same authors [25] [26]. 
A recent study based on experimental measurements and CFD simulation shows the efficacy of different ventila-
tion systems in removing bacteria and particles using adducted return strategy to induce air flow from clean to 
less clean zones [27]. These authors propose a new design that changes the normal corridor return, without an air 
return duct, with an exhaust air duct extracting exhaust air from inside the cubicle towards the open area outside 
the hospital. In the literature there is not much that addresses the analysis of the efficiency of a ventilation sys-
tem in an OT, equipped with ante-chamber and/or air locking system for guaranteeing air pressure difference, 
indoor microclimatic conditions and IAQ, minimizing the air flow inlet from non-clean zones to the OT. A few 
authors have dealt with the efficiency of air curtain application for producing a vertical downward air curtain 
around the laminar diffuser using experimental data and CFD modelling of the studied OT, because most of the 
work on this subject deals with different applications [28]-[32].  

In a recent paper linear slot diffusers were used to create a vertical downward air curtain around the ceiling 
unidirectional flow diffuser towards low-level exhaust grilles, to avoid the in-ward flow under the unidirectional 
diffuser. The authors demonstrated that a clear correlation between the unidirectional flow and air curtain flow 
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rates and concentration cannot be assumed and in particular, that following the usual manufacturer specifications 
for sizing the air curtain and laminar flow diffusers, may not necessarily result in better indoor microclimate and 
IAQ conditions [33]. In the most recent literature, the assessment of ventilation efficiency in OTs, including air 
flow distribution under different configurations and different positions of diffuser supply velocity, is studied by 
applying CFD simulation and full-scale experimental investigations [34] [35]. 

The wide ranging research and the most impressive literature on this subject have demonstrated the influence 
of different ventilation system solutions on the internal microclimatic conditions of OTs. In particular, much re-
search, paying specific attention to modelling particles and contaminant diffusion, has highlighted that the real 
operating use conditions of the OTs, e.g. the door opening and closing and medical staff movements, cause im-
portant perturbations on the air velocity and temperature distribution compared to the design conditions and 
deflection from the suggested parameter values ensuring microclimatic, thermal comfort and IAQ state [20] [23] 
[36]. 

Following the above literature approaches and analyzing the fundamental literature results, we are interested 
in investigating which scheme of the ventilation system inside the OT (i.e. dimensions and position of the inlet 
and outlet air diffusers) can minimize the critical and risk conditions caused by real operational use conditions. 
From a well-known starting phase, concerning our previous study of a real OT under operating use conditions, 
developed through an experimental and numerical modelling approach [25] [37], in this research we analyzed 
different configurations of the present ventilation scheme. In particular, our research starts from the studies of a 
real OT, investigated by experimental measurements and CDF simulations: numerical models in use were first 
validated against experimental data collected during monitoring campaigns. Starting from the validated model, 
some crucial indexes on the IAQ, ventilation efficiency and thermal comfort parameters, deduced from the nu-
merical results of the CFD simulations, were calculated and discussed for each of the new proposed ventilation 
schemes. The performance of each ventilation solution was investigated, assuming the sliding door to be open as 
a basic boundary condition. 

The aim of our present research is the study of ventilation system performance using different air flow distri-
bution schemes, which are produced by combining each of the two basic air flows (vertical unidirectional and 
horizontal unidirectional) with air curtain solutions on the ceiling and at the sliding door. 

2. The Investigated Ventilation Schemes for the OT 
Our research starts from the validated numerical model built up with experimental and numerical results ob-
tained from the OT simulation results under real use conditions, presented in recent studies by the authors [24] 
[37]. In these articles the authors showed the robustness and validity of their models by comparison between 
experimental and numerical results: the influence of mesh refinement on results was also investigated in order to 
assure mesh independent results, and experimental and numerical results concerning ventilation patterns, CO2 
concentration and particle diffusion in the OT, were discussed [24]. 

The validated model of the studied real orthopaedic OT, labelled from now on “M_real”, refers to a room 
geometry that was outlined by a rectangular-shaped room with smoothed corners, a 43 m2 base area and 120 m3 
volume (Figure 1). The room is equipped with an operating bed and lighting system made up of three joined 
arms, each one holding three lamps and with a sliding door that connects the room to an entry corridor (Figure 
1). In this figure the locations of the staff members, surgical lamps and equipment for the operating table, de-
fined in the model are shown. Two rectangular supply ceiling diffusers (0.56 m2 surface each one) are located in 
the central zone of the ceiling, that strengthen the unidirectional flow. Two groups of 14 conical outgoing grilles 
(cross-section of 0.0128 m2) are arranged over two of the opposite four walls corresponding to the smoothed 
corners of the room and allow the internal air to outflow. Referring to ANSI/ASHRAE Standard 62.1-2004 and 
ANSI/ASHRAE Standard 55-2004, the global OT air-volume (TV) was divided into 3 zones, labelled from now 
on as Breathing Zone (BZ, highlighted in green in Figure 2), Occupied Zone (OZ, highlighted in green plus 
orange in Figure 2) and Peripheral Zone (PZ, corresponding to TV-OZ). This allowed the computation of air 
quality and thermal comfort indexes referring to each one of the mentioned zones. Six different additional con-
figurations of the ventilation scheme were studied starting from the initial one concerning real operating use 
conditions (M_real).  

For these six ventilation schemes a constant air flow rate of 25 fresh air changes per hour was assumed, because 
this is the optimal choice obtained by comparison between suggested values by present Italian and International 
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Figure 1. Geometry of the studied system (M_real).                                                  

 

 
Figure 2. Graphical representation of the Breathing (green) and Occupied (green plus orange) zone.            

 
standards for pressurization and ultra-clean ventilation of orthopaedic OTs [1]-[9] [11] [38]. Moreover, the six 
ventilation schemes differ from each other in dimension and position of the air supply and return diffusers inside 
the studied OT. The proposed ventilation schemes were investigated combining the following basic elements: 
different configurations of air inlet components of the air curtain typology, located at the ceiling air supply dif-
fusers and at the sliding door, two basic air flows, unidirectional-vertical and unidirectional horizontal, for the 
proposed ventilation schemes, different dimension and position of the air return grilles, these last mainly located 
near the sliding door and/or at the corners of the room. Very briefly, the following ventilation scheme modifica-
tions were proposed: 
• OT model with air supply (unidirectional vertical flow) and return scheme coinciding with the M_real but 

with one air curtain with two return grilles at the sliding door, M_1; 
• OT model with air supply (unidirectional vertical flow) and return scheme coinciding with the M_real but 

with two air curtains at the ceiling supply diffuser along the two sides of the operating table, M_2; 
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• OT model with only one central air supply ceiling diffuser (unidirectional vertical flow), four air return 
grilles located down and one air curtain with two return grilles at the sliding door, M_3; 

• OT model with only one central air supply ceiling diffuser (unidirectional vertical flow), four air return 
grilles located down, four perimetral air curtains located on the ceiling corresponding to the occupied zone, 
M_4; 

• OT model with one lateral air supply wall diffuser (unidirectional horizontal flow) with four air return grilles 
located at the bottom and top of the opposite wall and one air curtain with two return grilles at the sliding 
door, M_5; 

• OT model with one lateral air supply wall diffuser (unidirectional horizontal flow) with four air return grilles 
located at the bottom and top of the opposite wall and without air curtain with two return grilles at the sliding 
door, M_6. 

Figure 3 shows the geometric elements used as inlet (in blue) and return (in red) sections for the previously 
listed configurations. For all the schemes, the total air flow rate was considered constant and equal to 3000 
m3·h−1 of fresh air (25 ACH), distributed between the air supply diffusers and different air curtain systems. This 
choice is related to the aim of our investigation, mainly consisting in assessing which ventilation scheme assures 
the better performance in IAQ and thermal comfort, keeping constant the total amount of incoming fresh air, the 
sliding door position (open) and the corridor conditions. The relative rates of fresh air supplied to the OT by the 
different diffusers (located at ceiling or wall) and air curtains are given in Table 1 for the studied configurations. 
This table also shows the air velocity at inlet sections and inlet and return grille surfaces. 

3. Numerical Solution 
Simulations were carried out by commercial software allowing multi-physical analyses through solutions of the  
 

 
Figure 3. Inlet (blue) and return (red) sections of the ventilating air diffusers for the different ventilation 
schemes.                                                                                     
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Table 1. Ventilation air flow rate and supplying/recovery grille surfaces for each ventilation scheme.                      

 Rate of  
supply air 

Total supply  
surface 

Air diffuser  
surface 

Air curtain  
surface 

Air velocity  
at diffuser 

Air velocity  
at curtain 

Total recovery  
surface 

Recovery 
surface 

Recovery surface  
(curtain) 

 Diffuser Curtain [m2] [m2] [m2] [m/s] [m/s] [m2] [m2] [m2] 

M_1 90% 10% 1.147 1.120 0.027 0.67 3.06 0.429 0.369 0.06 

M_2 80% 20% 1.202 1.120 0.082 0.60 2.02 0.369 0.369 0 

M_3 90% 10% 1.147 1.120 0.027 0.67 3.06 0.408 0.348 0.06 

M_4 60% 40% 1.281 1.120 0.161 0.45 2.07 0.348 0.348 0 

M_5 90% 10% 1.147 1.120 0.027 0.67 3.06 0.408 0.348 0.06 

M_6 100% 0% 1.120 1.120 0 0.74 0.00 0.348 0.348 0 

 
related governing equations by a Finite Element approach [39]. In particular, our analyses provided solutions for 
the following variables: air velocity ( )U  air pressure ( )p , temperature ( )T , carbon-dioxide concentration in 
air (CO2), mean age of air ( )τ  and CFU concentration in air (CFU). The basic formulation of the partial diffe-
rential equation formulation (PDE) used for computations is reported below: 

( ) ( ) ( )
t
ρφ

ρφ φ
∂

+∇ ⋅ = ∇ ⋅ Γ∇ + Λ
∂

U                          (1) 

where ρ  is the fluid density, U  is the velocity vector, Γ  is the diffusion coefficient and Λ  is the source 
term. For fluid-dynamical analysis we used a RANS approach considering the fluid Newtonian and the flow in-
compressible. Turbulence was solved by applying a standard two-equation ( )-k ε  closure scheme [40] [41]. 
For each governing equation, the analytical formulation of the different symbols used in the generic Equation (1) 
is reported in Table 2. Values of physical properties for materials and objects used in the numerical models are 
listed in Table 3. Independently from the specific ventilation scheme, at the inlet sections for air incoming into 
the system we applied the following boundary conditions: constant velocity, as defined in Table 1, for the OT 
and assumed equal to 0.66 m/s for the corridor diffusers (6 ACH). Turbulence intensity at inlet was set equal to 
5%. Values of the other first-type boundary conditions applied at the inlet sections are reported in Table 4. For 
breathing modelling, we assumed a sinusoidal trend for inhaled/expired air and for CO2 emission rate into the 
room. In steady state simulations, we used the corresponding root mean square (RMS) values as magnitude for 
air velocity and CO2 mass flow rate at the nostrils of the medical staff, patient and persons standing in the corri-
dor. Table 5 shows the set of parameters used to simulate people presence, in terms of breathing, heat produc-
tion, CO2 and CFU emission in the indoor environment.  

Outflow conditions were considered for all the dependent variables at the recovery grids. At each solid/fluid 
interface, logarithmic wall functions were applied to the near wall airflow, that was considered parallel to the 
wall and being in a wall offset equal to one hundred viscous units. Turbulent production was assumed to equal 
dissipation at walls. For the remaining dependent variables impermeable/insulation conditions at solid walls 
were assumed. We used a non-uniform and non-structured computational mesh made up of the second order te-
trahedral elements. Steady solutions of discrete equations were carried-out by applying an iterative dumped 
Newton-Raphson scheme [42] based on the discretized PDE linearization by a first-order Taylor expansion. Al-
gebraic systems of equations coming from differential operator discretization were solved by a PARDISO pack-
age, a direct solver particularly efficient for solving unsymmetrical sparse matrixes by a LU decomposition me-
thod. The convergence criterion was set to 1E-5. Time integration of governing equations for transient simula-
tions was performed by applying an Implicit Differential-Algebraic (IDA) solver [43] which uses the variable- 
order and variable-step-size of Backward Differentiation Formulas (BDF). Because the time-marching scheme is 
implicit, a nonlinear system of equations must be solved at each time step. The above-mentioned Newton algo-
rithm was exploited to solve this nonlinear system of equations. All computations were carried-out on a worksta- 
tion with two 64-bit 6-core/12-thread processors speeding up to 2.3 GHz of frequency and handling 128 GB of 
RAM. 
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Table 2. Formulation of variables and parameters appearing in Equation (1).                                          

Equation φ  Γ  Λ  

Continuity 1 0 0 

Momentum U  Tµ µ+  gp−∇ + F  

Turbulent kinetic energy k  T

k

µµ
σ

+  ( )
2T1

2 Tµ ρε ∇ + ∇ − U U  

Dissipation rate of kinetic energy ε  T

ε

µµ
σ

+  ( )
22T

1 2

1
2 TC C

k kε ε

ε εµ ρ ∇ + ∇ − U U  

Energy T  
pC
λ  

p

Q
C

 

Mean age of air τ  ϒ  ρ  

CO2 concentration 2CO  
2CODρ  ρ  

CFU concentration CFU  CFUDρ  ρ  

 
Table 3. Physical properties of materials used in the numerical models.                                              

Material 
ρ  η  λ  pC  

[kg/m3] [Pa∙s] [W/(m∙K)] [J/(kg∙K)] 

Glass (window, lamp) 2500 - 1.00 800 

Aluminium (operating table, electro-medical case, surgical lamp) 2700 - 160 900 

Medical staff, patient, persons (in the corridor) 950 - 0.62 4180 

Air ( )p RT  2E-5 0.04 1004 

 
Table 4. Values of the dependent scalar variables at the inlet boundaries.                                              

 Temperature CO2 concentration τ  CFU 

 [˚C] [ppm] [s] [CFU/m3] 

OT 18 335 0 0.5 

Corridor 24 450 0 250 

 
Table 5. Parameter values used in the numerical models for people presence simulation.                                 

 Air flow rate  
from nostril 

Nostril air velocity 
(RMS value) CO2 emission CO2 flux from  

nostril (RMS value) Metabolic heat CFU emission 

 [l/h] [m/s] [l/h] [mol/(m2 s)] [W] [CFU/s] 

Medical staff 2000 1.964 80 2.143 131.9 3 

Patient 300 0.295 12 0.321 96.6 0 

Persons (corridor) 500 0.491 20 0.536 112.3 6 

4. Results 
Simulations were computed under real operational conditions of the OT and with the above proposed ventilation 
solutions. Results are provided in the following sections: the first one is related to the air flow patterns and mi-
croclimatic parameter distribution; the second one concerns the air quality and comfort indexes. Then, a discus-
sion section follows. 
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4.1. Airflow and Temperature Distribution 
From the airflow simulations different flow patterns were highlighted depending on the air supply and exhaust 
outlet grille location., Figure 4 shows the air velocity field in a horizontal slice of the OT obtained for the stu-
died cases. M_1 and M_3 provide higher air velocity values in the zone below the ceiling supply diffuser and at 
the door equipped with an air curtain, although more uniformly distributed in M_3 at the BZ and OZ. In partic-
ular, in the PZ the velocity field provides the lowest air velocity at the surgical site with extreme limit values 
from 0.05 m/s to the maximum of 0.1 - 0.15 m/s. Results obtained for M_4 indicate that the comfort level in the 
TV, due to uniform air velocity distribution, and the air flow performance are satisfactory with a resulting air 
washing effect particularly efficient at the operation table, but also in the BZ and OZ. The ventilation scheme of 
M_4 highlights the fact that a global wider air supply surface is better for contaminant control and guarantees 
the absence of an air flow short circuit between the sole air supply diffuser, delimited by four perimetral air cur-
tains, and high level outlets. The air inlet diffuser in the center of the ceiling, marked by air curtain location, pro- 
vide an effective clean zone in the room. Due to different ventilation schemes, results of M_5 and M_6 models 
show a specific air motion field: the air washing effect is connected to the horizontal air flow performances and 
then to the resulting air flow displacement. This condition is even more evident for the M_5 ventilation scheme 
that is also equipped by the air curtain at the door zone. Figure 4 shows the air flow dragging effect due to the 
door equipped with the air curtain (M_1, M_3) with a local air velocity increase, reaching mean values of 0.2 - 
0.23 m/s. In M_2 the vertical and sharp direction of the air flow is more evident due to the two symmetrical 
 

 
Figure 4. Air velocity field on a horizontal slide (1.4 m from the floor) for the different ventilation 
schemes obtained from the six models (from M_1 to M_6).                                          
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supply diffusers and their lateral air curtains: in the central zone, defined by the BZ and OZ, the velocity field is 
more uniform and inside the PZ and TV guarantees an effective air washing effect, because it is not disturbed by 
the local flow turbulences at the door induced by the air curtain. The ventilation solution of M_4 shows a uni-
form air velocity distribution, produced by the vertical downward flow patterns at the whole microenvironment 
zone (i.e. surgical site) and the connected confinement effect, due to the four perimetral air curtains, of the air 
supply in the central zone of the room (BZ and OZ). In this ventilation solution the downward unidirectional 
flow results in an effective washing effect against the local CO2 concentration, thermal plume due to surgical 
lamps, and the total heat released by people. Analyzing all the six models results from the air motion field and 
velocity distribution points of view, the basic effect can be noted due to the unidirectional air flow (both vertical 
and horizontal) for leading to a low turbulence downward air displacement in all the OT zones. The different lo-
cation around the PZ of the air recovery grilles connected to the different ventilation solutions, guarantees the 
exhaust air discharge through them and a piston effect, so that the air velocity at the room centre is always about 
0.05 m/s. All the investigated ventilation schemes, including the two main unidirectional air flow configurations 
(vertical and horizontal) ensure only a single transit towards the surgical area from the ceiling and/or vertical 
wall (respectively from M_1 to M_4 and/or M_5 and M_6), but also that, if there is a solid object (e.g. surgical 
lamp and operation table and equipment tables and surgical staff) the air flow goes round it and then the unidi-
rectional air flow pattern is distorted only in the immediate surroundings of the object itself. In particular, the 
ventilation schemes including air curtains at the zone of the sliding door (M_1, M_3 and M_5) seem to provide 
a less isolation effect of the OT microenvironment from the adjacent corridor zone, due to local air recirculation 
and turbulence phenomena combined with the air flow distribution induced by the conventional inlet diffusers of 
the corridor. This result can also be found in thermally comfortable OT conditions analyzing the PPD and com-
paring the ADPI index results, as presented in the following section. As a matter of fact, the ventilation scheme 
layout and design, especially of M_2 and more clearly in M_4 and M_6, indicates specific velocity field charac-
teristics and performances: the disturbance effect to the air flow due to form, dimension and localization of sur-
gical lamps and to the thermal plume around the surgical staff, does not intrude on the clean air near the patient. 

The unidirectional air flow combined with the high supply rate to the room, guarantees the coldest air pene-
tration to the floor and the washing effect in BZ and OZ maintenance. Similarly to the air flow assessment re-
sults, thermal effects were investigated. Microclimatic parameter assessment, CO2 concentration and the mean 
air age, were also directly obtained from simulation results. Results carried out by simulations of all the ventila-
tion schemes, at the same condition of high inflow rate, show that optimal air distribution and thermal perfor-
mance effects depend on larger inlet area and uniform inlet velocity profiles provided by extract outlet grille po-
sition and surface. The air temperature distribution results of M_2 and M_3 and also of M_1, are comparable 
and show compliance with thermal requirements at the operation table, especially in the BZ (Figure 5). The 
ventilation scheme considered in M_4 produces the best results in terms of air temperature distribution unifor-
mity in the BZ, OZ and TV. The presence of the air curtain at the sliding door (for all the models it was always 
considered open) seems to produce a dragging out effect with short -circuit particularly when the air supply dif-
fusers are not symmetrical in respect to the BZ and OZ (M_1) but also when the sole ceiling supply diffuser, 
equipped with two lateral air curtains, is present, and causes the air flow confinement with imposed vertical di-
rection to the operation bed (M_3). 

As a consequence, the air temperature distribution is not uniform for M_1 and M_3 models, though tempera-
ture values around 22˚C - 24˚C at the operation table could be maintained. This happens even when in the PZ, in 
particular at the end of the room on the opposite side of the zone with sliding door provided by the air curtain, 
the air temperature is higher and beyond thermal comfort conditions. The M_4 ventilation scheme produces the 
best results for the air temperature distribution inside the TV, and in particular in the BZ and OZ (Figure 5). It 
must be pointed out, that all the investigated ventilation solutions, from M_1 to M_4, consider the air supply 
unidirectional vertical flow. Both models, M_5 and M_6, defined by unidirectional horizontal air flow, respec-
tively with and without the air curtain at the door, provide a good air temperature distribution in the BZ and OZ, 
but less thermal uniformity in the PZ and globally in TV. In particular, temperature distribution in the PZ for 
both M_5 and M_6 models is mostly affected by horizontal air flow displacement. 

4.2. Indoor Air Quality and Comfort Indexes 
Referring to simulation results on air temperature and velocity distribution (Figure 4 and Figure 6), CO2 and  
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Figure 5. Air temperature field on a horizontal slide (1.4 m from the floor) for the different ventilation 
schemes obtained from the six models (from M_1 to M_6).                                          

 
particle concentration expressed as CFU/m3 were investigated and the fundamental IAQ indexes, usually applied 
for air quality assessment, and a quantitative evaluation of ventilation system performance, with regard to con-
taminant removal and infection risk control, were calculated. These indexes refer to the average values of de-
pendent variables in the different areas into which the OT was divided (i.e. BZ, OZ, PZ and TV). The first inves-
tigated parameter for IAQ assessment was the mean age of air ( )τ , that quantifies the average lifetime of air at 
a particular location of the room for a steady airflow achieved. The air age concept expresses the average time 
for air to travel from a supply inlet area to any location in a forced ventilated room. It was calculated as well as a 
dependent variable, as explained in the modelling section. Referring to Figure 7, a measure of air freshness can 
be deduced due to different ventilation schemes: lower values are more favorable. At the inlet opening it was 
assumed to be zero (100% fresh). The average value of τ  was computed in the OT different zones and called 
as 

jZτ , where jZ  means the generic j-zone. Usually these values are quite low. Comparison of these values 
with the theoretical residence time of air inside the OT (defined as the ratio between the total volume of the 
room ( TVV , m3) and the mass flow rate of incoming ventilating air ( ventV , m3/s)), shows that the ratio is always 
higher than 1. This comparison consists in computing the following Air Change Efficiency (ACE) index: 

TV ventACE 100
jZ

V V
τ

= ⋅


                                 (2)  

The ACE index measures how effectively ventilation systems replace the air in a room with fresh air. Knowing 
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Figure 6. Mean age of air on a horizontal slide (1.4 m from the floor) for the different ventilation schemes 
obtained from the six models (from M_1 to M_6).                                                 

 
the concentration field computed for CO2 and particles, the Ventilation Effectiveness (VE) index could be calcu-
lated. The VE index measures how quickly a contaminant is removed from an air volume by quantifying the ef-
ficiency with which the internal pollutant is diluted or removed. It depends on the air flow patterns, and is ex-
pressed as follows: 

VE
j

E S

Z S

C C
C C

−
=

−
                                     (3) 

where EC  is the mean value of contaminant concentration (i.e. CO2 and particles) calculated at the air-recovery 
grilles (Exhaust), SC  is the contaminant concentration at the air inlet diffusers (Supply) and 

jZC  is the mean 
value of the contaminant concentration in a specific OT zone. Similarly, the Contaminant Removal Effectiveness 
(CRE) index represents the ratio between the concentration of contaminants at the exhaust point and the mean 
value of contaminant concentration within a specific zone: 

CRE
j

E

Z

C
C

=                                       (4) 

The VE and CRE indexes were computed using CO2 and particle concentration results. Because the particle 
concentration value was assumed to be zero at the inlet air diffusers ( )0SC = , VE and CRE expressions cor-
respond to each other. Comparing the ACE index obtained for the six models, it can be easily deduced that the 
proposed ventilation scheme of M_2, M_4 and M_6 produces similar results (Table 6). In particular, the highest  
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Figure 7. CO2 concentration on a horizontal slide (1.4 m from the floor) for the different ventilation 
schemes obtained from the six models (from M_1 to M_6).                                           

 
ACE value belongs to M_2 and M_4 with a comparable result of M_6 (Table 6). All these above ventilation 
schemes do not include the vertical air curtain located at the sliding door: as a matter of fact, its presence seems 
to cause “short-circuit” of the air flow and local turbulence phenomena in the zone of the door. In M_2 and M_4 
results, the effect of air curtain for maintaining the unidirectional downward flow and to prevent the air flow 
short-circuit between the inlet and outlet air diffusers, is evident. In the two models the vertical air curtain is re-
spectively located at the ceiling supply diffuser along only two sides, corresponding to the underlying sides of 
the bed in M_2, and along the whole perimeter of the sole central ceiling supply diffuser in M_4, but both of 
them are not arranged with the vertical air curtain at the sliding door. M_2 and M_4 models provide more simi-
lar and comparable results between them, for the IAQ indexes calculated for the different OT zones (Table 6). In 
particular, the VE and CRE indexes compared to the mean age of air for the BZ and OZ, show better perfor-
mances and efficacy of the modified ventilation system of M_2 and M_4 models, but also for M_6. Model M_6, 
also is without the vertical air curtain at the sliding door, but is characterized by a unidirectional horizontal air 
flow. This is the reason why the M_6 model provides the higher mean air age values for the BZ and OZ, simi-
larly to the M_5 model even if it absolutely provides the highest ones. Considering the PZ and TV the situations 
inverts (Table 6): M_5 and M_6 models provide similar results of the mean air age and the lowest ones among 
all the models. 
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Table 6. The IAQ indexes for the OT zones and for each ventilation scheme (from M_1 to M_6).                         

Breathing zone (BZ) volume 14.29 m3 M_1 M_2 M_3 M_4 M_5 M_6 

VE 0.80 0.91 0.80 0.70 0.68 0.76 

CRE 0.97 0.99 0.97 0.96 0.94 0.95 

τ 76.59 56.80 84.13 52.83 103.12 95.24 

PMV 1.52 1.34 1.54 1.26 0.89 −0.60 

PPD (%) 52.0 42.4 52.8 38.2 21.8 12.6 

CFU/m3 26.89 22.19 27.00 21.69 27.08 20.65 
       

Occupied zone (OZ) volume 24.49 m3 M_1 M_2 M_3 M_4 M_5 M_6 

VE 0.75 0.82 0.84 0.67 0.89 0.99 

CRE 0.96 0.97 0.97 0.95 0.98 1.00 

τ 85.56 64.53 94.07 60.82 116.09 107.56 

PMV 1.68 1.54 1.71 1.46 0.93 −0.49 

PPD (%) 60.8 52.8 62.4 48.9 23.4 9.9 

CFU/m3 27.20 23.64 26.42 22.88 27.04 16.93 
       

Peripheral zone (PZ) volume 98.83 m3 M_1 M_2 M_3 M_4 M_5 M_6 

VE 0.98 1.34 0.90 1.11 1.76 1.97 

CRE 1.00 1.03 0.98 1.01 1.07 1.08 

τ 133.08 109.58 156.40 113.17 114.66 105.69 

PMV 1.49 1.33 1.52 1.23 0.89 −0.64 

PPD (%) 50.5 41.9 52.0 36.8 21.8 13.5 

CFU/m3 23.77 18.72 25.43 16.92 29.12 10.84 

       

Total Volume (TV) volume 118.52 m3 M_1 M_2 M_3 M_4 M_5 M_6 

VE 0.92 1.18 0.89 0.97 1.46 1.63 

CRE 0.99 1.02 0.98 1.00 1.05 1.06 

τ 123.03 100.08 143.26 102.16 114.76 105.90 

PMV 1.45 1.30 1.49 1.22 0.83 −0.67 

PPD (%) 48.1 40.5 50.5 36.1 19.7 14.4 

CFU/m3 24.44 19.70 25.59 18.12 28.64 12.08 

ACE 0.59 0.72 0.50 0.70 0.63 0.68 

ADPI (%) −1.5 K < EDT < +1 K 18 38 17 50 23 21 

 
Some basic parameters for thermal comfort evaluation were also calculated. They refer to predicted mean vote 

(PMV) and predicted percentage dissatisfied (PPD) and to the Diffusion Performance Index (ADPI) according to 
the standards [44] [45]. The ASHRAE Handbook of Fundamentals provides the basic definition of the Air Dif-
fusion Performance Index (ADPI) which statistically relates the space conditions of temperature and air velocity 
to occupant thermal comfort, underlining that high ADPI values are desirable as they represent a high comfort 
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level mainly due to increased probability of good ventilation air mixing. 
Considering a chosen number of discrete points in the OT (146 locations for 1 5x< < ; 5 10y< <  and 

0.5 2.5z< < ) and referring to the ASHRAE standard, the ADPI index was computed as the percentage of test 
points that meets the performance parameters provided by the combination between the Effective Draft Temper-
ature ( )1.5 K EDT 1.0 K− < <  and air velocity ( )0.35 m/sU < . The EDT is defined as in following: 

( ) ( )setEDT 8 0.15T T U= − − ⋅ −                              (5) 

As a consequence, when the effective draft temperature is between −1.5 K and +1.0 K and the air velocity less 
than 0.35 m/s, a high percentage of people feel comfortable. Results comparison shows that M_5 and M_6 mod-
els guarantee the best thermal comfort conditions for occupants, because their results involve a lower PPD value 
for all the considered OT zones. Looking at the ADPI index, obtained for the six modified ventilation schemes, 
M_5 and M_6 models give again the higher ADPI index value and comparable with that of M_6, but the actual 
lowest values are those provided by M_1 and M_3 models. After all, M_1 and M_3 models have very similar 
ventilation schemes and both are equipped with the air curtain located at the sliding door.  

This same situation is the case for the ACE index results obtained for the six configuration models: for M_2 
and M_4 models, this index reaches the highest values and even now comparable with that of M_6; M_1 and 
M_3 models provide the lower values, similarly to the corresponding ADPI and PPD index values and also to 
the mean air age both calculated for the TV of the room. In particular, looking at the CFU concentration results 
for each OT considered zones, the M_2, M_4 models provide the lower values, but M_6 ventilation scheme 
from this point of view, is the best for BZ, OZ, PZ and then TV. The ventilation schemes of the M_1 and M_3 
models, give the higher CFU/m3 values in all the OT zones. 

5. Discussion 
The many simulations, carried out for studying the ventilation performances due to different ventilation schemes 
of the real investigated OT, highlight the importance of a correct ventilation plant design for guaranteeing the ef-
ficiency and effectiveness of the air flowing for microclimate and thermal comfort (both of patients and surgical 
staff) control and IAQ levels in the room. The six ventilation schemes studied by means of dedicated CFD si-
mulations, provide results that are in good agreement with those of similar and comparable situations presented 
in recent literature [15] [17] [46]-[48].  

A direct comparison between our obtained results with those provided by literature studies can be made con-
sidering the ventilation air flow solutions and configurations, air inlet and return grilles location and the effec-
tive air flow schemes. Our study shows that the efficiency and efficacy of the unidirectional vertical air flow, 
particularly improved with the air curtains application, are in good compliance with those reported in the recent 
literature [17] [36]. In these studies, different ventilation solutions based on the unidirectional air flow and con-
sidering high and low inlet air velocity value, different ACH and exhaust grills location are in any case, the bet-
ter solution for infection control inside the OTs compared to the horizontal laminar (unidirectional) air flow sys-
tems. Our simulation results, obtained for the proposed ventilation schemes that are equipped by unidirectional 
vertical downward air flow, comply with those pointed out by some important researches on this argument that 
demonstrate as this kind of ventilation system provides an ultra-clean environment and the better comfort condi-
tions for all the OT zones [12] [13] [15] [18]. Therefore, our investigation shows that the horizontal air flow 
system, can be an important alternative to the vertical one in the OT only if the supply and return diffusers are 
located on the opposite site of the same lateral wall and their position is chosen taking into account the location 
and height of the operating table, medical equipments, instruments tables and other obstructions, compared with 
the distance of the plenum and air inlet grilles: this result has been widely demonstrated by some authors with 
important findings [15] [46]-[48] concerning the most significant decrease of post-operative infection obtained 
with this ventilation solution. Moreover, some authors have also shown that this horizontal laminar (unidirec-
tional) air flow can be a good solution to provide the best thermal comfort conditions to the surgical staff [15] 
[16] [28] and this effect is that we found improving our proposed ventilation designs with effective air curtain 
solutions. Results on microclimatic conditions and air flow patterns obtained by our simulations show that the 
air curtain use at the ceiling inlet air diffuser, is crucial for maintaining the unidirectional downward flow and to 
prevent the air flow short circuit between the inlet and outlet air diffusers, but also to reduce contaminant con-
centration in the OT zones. These results are in a good agreement with those of recent researches on the ultrac-
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lean ventilation system performance against airborne infection in a real standard OT [19] [36]. Air temperature 
values distribution, air flow field and velocity, CO2 concentration levels, pressure scheme in the room, but also 
all the IAQ and thermal comfort indexes obtained by our simulations, are also in compliance with the current 
International and Italian standards. Effective air flow pattern, IAQ and thermal comfort in the OT is a very com-
plex problem. The crucial question is the necessity to conciliate several microclimatic and air quality require-
ments, e.g. the homoiothermy conditions of the patient, avoiding the risk of hypothermia, comfort conditions of 
the components of the surgical team, correct micro-climatic conditions and to guarantee airborne microbiologi-
cal components control and contain the infection risk. Results comparison concerning the investigated ventila-
tion schemes, suggests that it is not possible to arrive at an optimum/best ventilation system design, but rather to 
an optimal one, i.e. in which a good compromise between all the necessary strict requirements is guaranteed. 
After all, this is exactly what we investigated.  

6. Conclusion 
Numerical simulations of airflow, thermal fields and contaminant concentration distributions were carried out 
for a real OT under different ventilation schemes for supplying and recovering indoor air. Our investigation pro-
vides better understanding of which ventilation scheme can guarantee the best compromise between IAQ levels 
and comfort requirements under real use conditions of the OT (i.e. incorrect use, mainly due to the door being 
open during surgical operations). Results confirm the strong effects of a correct ventilation system design and 
location of the air supply diffusers on compliance of microclimatic conditions with the suggested standard limits, 
thermal comfort and IAQ levels guarantee and also on satisfactory contaminant removal results, with noticeable 
low contamination levels at the wound site. A comparison between different proposed ventilation scheme mod-
els shows that the closer to the center of the room and larger surface of the air supply diffusers connected with 
the position of the return grilles, the better the air flow performance is, when provided both by unidirectional 
vertical and horizontal air flows, especially if the use of air curtains mainly located at the ceiling is considered. 
High surface of the air supply diffusers combined with air curtains location to control the (both unidirectional 
vertical and horizontal) air flow direction and correct air recovery grille location, was identified as one of the 
most important factors in reducing short circuits between inlet and outlet air flows, guaranteeing the efficacy and 
efficiency of the ventilation system, reducing contaminant concentration in the breathing and occupied/operating 
zone of the OT and also governing the dispersion of airborne infectious particles. Air flow within the unidirec-
tional regime is advantageous in minimizing the thermal stratification effect, to ensure an adequate washing ef-
fect against particulate/contaminant settlement and infection risk at surgical site, guaranteeing better IAQ levels 
and comfort conditions. Inappropriate positioning of the air curtains combined with the supply diffusers can be 
detrimental. 
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