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Abstract. In this research, possible methods to improve the air distribution patterns of an operating room (OR) employing CFD
method are investigated. Laminar airflow (LAF), turbulent airflow (TAF), and LAF with the air curtain are examined. It is found
that LAF and LAF with the air curtain cases are superior to TAF-based cases. The study shows that the LAF and LAF with the air
curtain cases as the proposed configurations have an acceptable capability to maintain the indoor air conditions within the range
recommended by the standards. According to the simulations, the LAF with the air curtain case is the most suitable case in terms
of the contamination risk, and it is recommended to be implemented in the existing OR.
Keywords: Air distribution patterns, Airflow, CFD method, Operating room (OR).

1. Introduction
Hospitals, medical centers, and operating rooms (ORs), as clean spaces, require sophisticated heating, ventilation and air
conditioning (HVAC) systems in order to provide a comfortable environment for the occupants and pollutions need to be
controlled to minimize the risk of surgical infections [1,2]. Pollution in the ORs is normally being produced by dust, occupants'
breath, bacteria from people's bodies, and medical instruments, as well as the circulation of anesthetic gases [3-5]. Moreover, the
primary transport mechanism for the bacteria in the ORs is the skin flakes or squames release from the exposed regions of the
surgical staff and patient. Such squames are approximately 25 microns (μm) in diameter and 3 to 5 microns in thickness. During
a typical two-hour surgery, about 1.15 to 90 million squames are estimated to be released into the ORs space [6]. As mentioned
above, the gases emitted from the patient and personnel’s breathing are among the sources of pollution in the ORs. The
exhalation of the patient and personnel causes the production of CO2 and increases its concentration in the ORs. The relevant
standards recommend the concentration level of CO2 to be less than 1500 ppm in the ORs [7].
ORs need unique requirements in order to provide clean and desirable indoor air conditions [8]. A standard design of HVAC
systems is essential to provide comfortable and healthy indoor air conditions for the occupants of an OR, including patients,
doctors, and nurses. A non-standard HVAC system in an OR can also affect the effectiveness of the surgical team functioning
procedures [8]. Different standards and guidelines have been introduced for ORs. Table 1 presents the different standards and
guidelines suggested for the ORs design [9].
Every year, about four million hospital infections occur, leading to 20 to 80 thousand deaths in the world [5]. Therefore, air
distribution in the ORs is an essential factor leading to protecting the patients and the surgical team against infections and
establishing comfort for the occupants [9-11].

Table 1. HVAC guidelines for ORs [9].

a

Standards and guidelines

Room air
temperature Tr (oC)

Supply air
temperature Ta (oC)

RH (%)

Supply air
velocity (m/s)

DIN 1946

19-26

Ta<Tr

a

v ≥ 0.23

VDI 2167

22

Ta<Tr

30-50

v ≥ 0.23

ASHRAE 170 (2008)

20-24

a

30-60

0.13-0.18

ASHRAE application
handbook

17-27

a

45-55

1.3-1.8

Value not specified.
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Different ventilation systems are applied in the ORs. The turbulent airflow (TAF) method is one of the systems in which the
air enters into the OR through the diffusers installed in the roof (ceiling air supply) or at the walls. In this system, the turbulence
occurs in the airflow direction, while the air enters into space. Due to this phenomenon, this system does not have proper control
over the airflow and air distribution patterns in the OR. The laminar airflow (LAF) method is another system employed in the
ORs. In this method, the air is supplied in a horizontal or vertical direction. However, the vertical supply has advantages over the
horizontal system. In the vertical system, the suspended particles moves downward by the airflow, and pollutants are being
reduced. In the LAF system with the air curtain, as LAF system, uniform flow is supplied from the diffusers on the four sides of
the surgical bed, and due to the high velocity of the exhaust air from the diffusers, the air acts as a barrier around the area [12].
The literature review indicates that there are valuable experimental and numerical studies on the airflow distribution,
thermal comfort, and various factors leading to the infection in ORs [8-30]. For instance, McNeill et al. [8] investigated the air
distribution in an orthopedic surgery room. For this purpose, the surgeons, nurses, anesthetist, and patient were substituted by
five manikins, and ﬂow visualization techniques with particle image velocimetry (PIV) were utilized. Ufat et al. [10] analyzed the
three-dimensional air distribution of ORs with different velocities and temperatures with different exhausts. In this study, two
models were considered, and the velocity, temperature, and relative humidity (RH) distribution were explored. It was shown that
temperature and RH in the designed models had no significant variation. It was also observed that the inlet air velocity in the
installed exhausts in two corners was increased; therefore, it prevented a proper air distribution around the surgical bed. However,
it was shown that the air distribution for the system with the exhaust from the four corners was more regular than the examined
models and the risk of infection in the system was lower than other studied models. In another study, Zhai and Osborne [11]
studied the feasibility of improving ventilation systems for the ORs. The results showed that unidirectional flow provided by LAF
diffusers is a reliable method for maximizing the air disinfection by the use of high-velocity air curtains.
The risk of contaminant deposition in an OR was investigated by the airflow modeling and particle tracking methodologies by
Memarzadeh and Manning [13]. It was reported that ventilation systems that provide laminar ﬂow conditions are the best choice,
and a face velocity of about 0.15m/s to 0.18m/s is sufﬁcient from the laminar diffuser arrays. Using the computational fluid
dynamics (CFD) method, Memarzadeh and Jiang [6] studied the effect of OR geometry and variations of HVAC system parameters
on the protection of the surgical site. It was shown that LAF arrays should cover heat release sources such as the surgical team
and surgical lights. In another study, Chow and Yang [14, 15] discussed the basic principles of the ORs. To this end, seven
different cases with different situations for the surgical lights and different supply air velocities were studied using CFD method.
The health risks caused by the airborne bacteria released from the surgery personnel and the patient were emphasized in the
study. In another research, Chow et al. [16] investigated the effect of surgical lights location and the supply air velocity in ultraclean ventilation in an OR. It was declared that changes in the velocity of supply air and the position of the surgical lights do not
have a significant effect on the occupants' thermal comfort. An overview of the design principles of indoor thermal conditions in
ORs was presented by Balaras et al. [17]. Rui et al. [18] explored the strategy of bacterial contaminant controlling in an OR with
different ventilation models. In this study, a numerical simulation to determine the path of the particles was also conducted. It
was shown that the flow pattern improvement could decrease the particle’s deposit on the critical surfaces. However, this impact
would be less evident when the air change rate increases to a certain amount. It was also found that with the rise of air velocity
beyond a certain value, the particle’s deposit was increased.
Ho et al. [19] performed a three-dimensional CFD analysis for the thermal comfort and contaminants removal from an OR.
The effect of supply air and exhaust positions on the thermal comfort and contaminant removal were investigated. Horizontal
airﬂow for airborne particle control in ORs was investigated by Liu et al. [20]. In this study, an experimental and CFD simulation
study were employed. El Gharbi et al. [21] conducted a study on the analysis of indoor air quality for ORs using experimental
measurements and numerical modeling techniques to determine the RH and temperature distribution. Different supply and
exhaust air locations were examined, and it was recommended that an appropriate method for sterilizing the operating area is
unidirectional air supply. Yau and Ding [22] investigated the air distribution of an OR in the Sarawak General Hospital heart
center in Malaysia. In this study, the effect of surgical lights on air distribution was examined. The study revealed that the
location and situation of the surgical lights could affect the airflow profile such that air with a high velocity around surgical lights
might cause an air barrier around these lights leading to an improper air distribution beneath the surgical lights. The
temperature distribution, contaminant concentration, humidity, and velocity distribution in two systems with even and uneven
airflow situations were also investigated in the study. The decrease in inlet flow rate of about 15% for energy saving was
recommended in the study. A computing model for predicting the vertical temperature in the ventilation system of impinging jet
ventilation (IJV) was developed by Kobayashi et al. [23]. In this study, a parametric investigation on the supply air velocity and its
effect on the thermal layer is conducted.
The literature survey indicates that there is extensive research on the HVAC system’s performance in the ORs. To the
authors' best knowledge, no previous comparative study has been reported numerically to investigate the performance behavior
of TAF (Cases 1 to 4), LAF (Cases 5 and 6), and LAF with the air curtain system (Case 7) in an OR. Therefore, this research was
conducted, and the major aim was to explore the possibility of improving the air distribution in an OR by examining different
cases in terms of inlet and outlet layouts to recommend the most appropriate case for the patient and the surgical team.

(a)

(b)

Fig. 1. The OR overview: (a) interior view and (b) dimensions (in meters).
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Fig. 2. The layout of the simulated OR (Case 1).

2. Research Methodology
In this section, the research methodology is presented. The geometry of the existing model and the examined cases are
described in Subsection 2.1 ﬁrst. Then, the governing equations and the simulation process will be explained in Subsections 2.2
and 2.3-2.7, respectively.
2.1 Model geometry
In the present research, an OR in the Iranian Surgery Clinic (ISC), Chabahar, Iran, was considered for the investigation. This
clinic is located in Chabahar Free Zone, Iran. Fig. 1 shows the interior view of the considered OR and its dimensions. The
simulation validation points (A, B, C, and D) and the mesh independence axes (E, F, and G) are also illustrated in Fig. 1.
Fig. 2 shows the isometric view of the OR (existing condition, Case 1). The ventilation system employed in the OR is the TAF
method, and the instruments, diffusers, and the operating table are illustrated in Fig. 2. In Fig. 2, the two gray blocks beside the
eastern wall show the wardrobes, and the gray block beside the western wall represents the equipment table. Anesthesia
machine and patient care monitor as the heat sources are shown with two red blocks. The OR has four inlets with a circular
section (blue surfaces) on the ceiling and eight outlets with a rectangular section (green surfaces) in the chamfered corners. Size
and dimensions of the inlet diffusers, outlet vents, and other equipment in the OR, including surgical bed, ceiling lights, and
surgical lights, are tabulated in Table 2.

Table 2. Nomenclature and dimensions for Fig. 2.
Item

Quantity

Surgical bed
The basis of the surgical bed

Dimension (m)

1

0.5 × 1.98 × 0.2

1

0.305 × 0.35 × 0.68

Anesthesia machine

1

0.46 × 0.315 × 1.22

Surgical light 1

1

0.6 diameter × 0.1

Surgical light 2

1

0.51 diameter × 0.1

Human model

5

1.7 height

Mouth

5

0.04 × 0.02

Patient care monitor

1

0.42 × 0.17 × 0.36

Medical equipment table

1

0.83 × 0.49 × 0.2

Each pair of lamps

12

1.2 × 0.19 × 0.05

1

1.18 × 0.4 × 1.81

Medical equipment wardrobe
Medicine wardrobe

1

1.1 × 0.5 × 1.7

Inlet diffuser

4

0.146 diameter

Outlet vent

8

0.235 × 0.185

OR (all the cases)

7

Fig. 1: (b)
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Table 3. Dimensions and the quantity of inlet diffusers and outlet vents.
Case number

Case 1

Case 2

Case 3

Quantity

Dimension (m)

Total areas (m2)

Inlet

4

0.146 diameter

0.0669

Outlet

8

0.235 × 0.185

0.3478

Inlet

4

0.27 diameter

0.2289

Outlet

4

0.235 × 0.185

0.1739

Inlet

4

0.27 diameter

0.2289

Outlet

4

0.235 × 0.185

0.1739

Inlet

4

0.27 diameter

0.2289

Case 4

Outlet

4

0.235 × 0.185

0.1739

Inlet

4

0.62 × 1.2

2.976

Case 5

Outlet

8

0.235 × 0.185

0.3478

Inlet

4

1.2 × 0.62

2.976

Outlet

8

0.235 × 0.185

0.3478

Main
Diffuser

1

1.11 × 2.59

2.8749

Air Curtain

1

-

0.502

8

0.235 × 0.185

0.3478

Case 6

Case 7

Inlet

Outlet

ACH
5.87

20

20

20

20

20

31.6

Various configurations for the inlet and outlet layouts were studied as the different cases, namely Case 1 to Case 7, to
examine the possible improvements in the air distribution and indoor air conditions in order to recommend the most desired
layout for the considered OR. Dimensions and the quantity of the inlet diffusers and outlet vents for the cases are tabulated in
Table 3. The air change per hour (ACH) as the ratio of the total volume of incoming air to the total space volume [3, 24] was
determined from the ﬁeldwork measurements for Case 1. However, the ASHARE standard [31] recommends the minimum ACH
value of 20 for the ORs. Therefore, the ACH value of 20 was considered for the OR in the examined Cases of 2 to 6. For the LAF
with the air curtain (Case 7), the air velocity of the main diffuser and air curtain, as well as ACH value were considered based on
the literature recommendations [11].
The outlet diffusers' layouts were illustrated in Fig. 3 ((a), (b), and (c) represent Cases 2 to 4 as the TAF systems). In Cases 2 to
4, dimensions and room geometry, the surface of inlet diffusers and outlet vents, dimensions, equipment locations, and thermal
manikins were considered the same, and only the layout of outlet vents was different. For these cases, four outlet vents were
considered for the OR. In Case 2, the outlet vents were planned to be positioned near the floor, and in Case 3, outlet vents were
placed opposite each other two by two, as two of them were installed near the ceiling, and others were positioned near the floor.
In addition, the outlet vents were located near the ceiling in Case 4.
The effect of inlet diffusers layout was evaluated as the Cases 5 to 7. The inlet diffusers' layouts were also illustrated in Fig. 3
((d), (e), and (f) represent Cases 5, 6, and 7 as the LAF systems). Cases 5 and 6 present the layouts of 2×2 and 4×1 arrays for the
inlet diffusers, respectively, and Case 7 represents the LAF with the air curtain conﬁguration. In Case 7, a surface of diffuser
provides the main flow of the OR, and a narrow surface is modeled to create an air curtain around the main diffuser. Case 7 is
configured for possible prevention of the environmental contaminants penetration to the critical zone, i.e. the surgical zone (SZ).
This layout creates a protective layer around the SZ to prevent contaminants entrance into the SZ. In Case 7, 60% to 75% of the
inlet air is provided through the air curtain and the rest through the main diffusers. In Case 7 conﬁguration, the LAF diffuser or
main diffuser is usually placed far enough (about 0.3048 m) from the air curtain in order to prevent the LAF penetration into the
air curtain and turbulence creation [11]. Besides, based on the ASHRAE standards [32], the main diffuser on the ceiling is
recommended to be above the surgical bed with 0.3048 m distance from the sides.
2.2 Governing equations
In order to investigate the airflow distribution in the OR space, continuity, momentum, and energy conservation equations are
required to be considered.
The continuity equation is [33]:
∇ ⋅ ρv = −

∂ρ
∂t

(1)

and the momentum equation is [33]:
∂
( ρv) + ∇ ⋅ ( ρvv) = −∇P + ∇ ⋅ ( τ ) + ρg
∂t

(2)

∂
( ρE) + ∇ ⋅ ( v( ρE + P )) = ∇ ⋅ ( ρ Keff ∇T − h + ( τ eff ⋅ v))
∂t

(3)

and the energy equation is [33]:

E is deﬁned as Eq. (4).
E=h−

p V2
+
ρ
2
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Fig. 3. The inlet diffusers' layouts: (a) Case 2; (b) Case 3; (c) Case 4; (d) Case 5; (e) Case 6; (f) Case 7.

Boussinesq approximation is as follows [10]:
ρβ = ρo (1 − β ⋅ ∆T )

(5)

In the Boussinesq method, the fluid density is assumed to be a function of temperature. A constant density is assumed in all
the equations except for the buoyancy term in the momentum equation. The Boussinesq approximation is deﬁned as the Eq. (5)
and the coefﬁcient of thermal expansion (β) is deﬁned as Eq. (6), which is inversely proportional to the temperature of the ideal
gas.

β =−

1 ∂ρ
1
=
ρ ∂T T

(6)

The turbulent kinetic energy equation and turbulent kinetic energy dissipation rate are defined as bellow:
The turbulent kinetic energy equation is [10]:
µ ∂k 
∂
∂ 
( ρkui ) =
(µ + t )
+ Gk + Gb − ρε − YM + Sk
∂xi
∂xi 
σk ∂xi 

(7)

and the turbulent kinetic energy dissipation rate is [10]:
µ ∂ε 
∂
∂ 
ε
ε2
( ρεui ) =
(µ + t )
+ C1ε (Gk + C3 εGb ) − ρC2 ε + Sε
∂xi
∂xi 
σε ∂xi 
k
k

(8)
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Table 4. Coefficients of standard k- model [10, 22].
Coefficient

Cµ

C1ɛ

C2ɛ

σk

σɛ

Value

0.09

1.44

1.92

1

1.3

Table 5. Settings for the CFD simulation of the OR.
Solver

Pressure based coupled solver and steady state

Model

standard k-ɛ model, standard wall function

Boundary condition

As shown in Table 9 & 11

Heat sources

Tabulated in Table 10

Solution method

Scheme: SIMPLE
Gradient: least-square cell based
Pressure: standard
Momentum: second order upwind
Turbulent kinetic energy: second order upwind
Turbulent dissipation rate: second order upwind
Energy: second order upwind

Convergence criterion (absolute)

Continuity, x-, y-, z-velocity, k, epsilon: 1×10-3, Energy: 1×10-6

Table 6. The resolution, range and accuracy of the anemometer.
Quantity

Resolution

Range

Accuracy

Velocity

0.1 m/s

0.4 to 25 m/s

± (2% + 2d)

Relative humidity

0.1%

10% to 95%

± 3%

Temperature

0.1 C

-50 C to 1300 C

± (0.4 % + 0.8oC)

o

o

o

Table 7. Fieldwork measurements (supply air conditions).
Inlet diffuser No.

Temperature (oC)

RH (%)

Velocity (m/s)

Supply airflow rate (m3/h)

1

19.9

72.5

3.4

204.81

2

21.8

72.6

2.2

132.53

3

22.3

71.4

1.2

72.29

4

21.1

73

3.6

216.86

The coefficients of the standard k- model are tabulated in Table 4. The species transport equation is [34]:
∂( ρ Yu
i j)
∂x j

=

∂Y
∂
(( D + Dt ) i ) + Si
∂x j
∂x j

(9)

2.3 CFD method
In order to simulate the OR space, a CFD code was employed to compute the governing equations. The pressure-based solver
was used, and the conservation equations for the steady-state situation were solved using the finite element method. Moreover,
the governing equations of momentum, energy conservation, as well as the turbulence were discretized using the second-order
method [3, 35].
In the present study, the standard k-ɛ model was considered for the simulations. In addition, the Boussinesq approximation
was used for the natural displacement, and the SIMPLE algorithm was employed for the coupling of pressure and velocity.
Moreover, the convergence criteria for continuity, velocity, k, and ɛ was considered as 1×10-3, as well as 1×10-6 for the energy [3].
For other species, convergence criteria was considered as 1×10-3. The settings for the CFD simulation are presented in Table 5.

2.4 Fieldwork measurements
In order to study the indoor air conditions provided by the existing system (Case 1), space air parameters were measured and
recorded. The measured data were the supply air temperature, RH, velocity, and airflow rate. The fieldwork measurements were
carried out to determine inlet parameters by directly measuring the output of the diffusers. The measurements were conducted
on the four vertical axes around the surgical bed, namely Point A, B, C, and D, as illustrated in Fig. 1. The measurements were
conducted at the heights of 0.1m, 0.5m, 1m, 1.15m, 1.2m, 1.5m, 1.7m, 2m, 2.5m, and 3m from the floor. In order to eliminate any
possible errors, the measurements were conducted in three steps and the mean values were considered. A hot-wire anemometer
(model AM-4205A) was used for this purpose. The instrument has been calibrated by equipment already calibrated to
international standards. The resolution, range, and accuracy of the anemometer are presented in Table 6.
The required data for the CFD boundary conditions settings, the velocity at the inlet boundaries, and the temperature on the
wall boundaries were physically measured. For validation of CFD simulation results, the temperature was measured in four
vertical axes, namely A, B, C, and D (Fig. 1). For this purpose, the temperatures of 40 points in the OR space were measured to be
compared with the simulation values. Moreover, to model the RH parameter, the initial value of the RH was required. Therefore,
RH values were measured, and the mean value was considered for the simulations. The fieldwork measurement was conducted
several times to avoid any possible errors. The ﬁeldwork measurements are tabulated in Table 7.
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Table 8. The axes coordinates for the mesh independence examination.
Coordinate

Axis
X

y

E

2.34

2.85

F

3.09

1.2

G

3.84

2.85

Table 9. Boundary condition for the space walls.
Wall
Temperature ( C)
o

N

S

E

W

C

F

N.E

N.W

S.E

S.W

22.6

22.1

22.3

22.5

22.3

22.2

22.2

22.3

22.5

22.5

Northern, S Southern, E Eastern, W Western, C Ceiling, F Floor, N.ENortheast, N.WNorthwest, S.ESoutheast, S.WSouthwest.

N

2.5 Mesh independence
A suitable mesh number is a deciding factor for the simulation process, and the results of a CFD simulation strongly depend
on the quality of the considered computational mesh [11]. Therefore, in order to select a proper mesh number for the numerical
simulations, it is necessary to investigate the mesh independence first (Note: the tetrahedral mesh type was employed for this
purpose.). The OR model under the four different mesh number, namely, 672,979; 885,097; 1,007,432; 1,120,195 were investigated
and analyzed around the surgical bed. Three vertical axes – E, F, and G – were examined for this purpose (see Fig. 1). The axes
coordinates are presented in Table 8.
Fig. 4 illustrates the generated mesh for the room model. The considered mesh is unstructured mesh type, and it is due to the
complexity of the geometry. The mesh generation is such that in high-gradient areas such as inlet diffusers, outlet vents, walls,
proximity of equipment and thermal resources and especially in SZ, the mesh numbers increase in order to solve the effects of
each with high accuracy.
Fig. 5 illustrates the pressure variation for the considered mesh numbers. As it was illustrated in Fig. 5, the parameter
variation for the mesh number of 1,007,432 and 1,120,195 cells are not signiﬁcant, and the graphs are matched; therefore, the
mesh number of 1,007,432 cells was considered for the model and the simulations.

2.6 Boundary conditions
Boundary conditions are major factors for the reliability of CFD simulation results. A realistic and accurate implementation of
the boundary conditions is an essential part of any CFD simulation. The proper numerical and physical behavior of the
boundaries will affect the accuracy of computations as well as the convergence time. In this study, the boundary conditions were
determined based on the fieldwork measurements. The supply air condition was modeled as a mixture of dry and vapor air
without any chemical reactions [22]. The supply air enters into the OR space via the ceiling’s diffusers in the downward vertical
direction. It was assumed that CO2 as the only breathing contaminant by the patient and surgical team releases in a mass
fraction of 2×10-4 (200 ppm) [22] and ﬂow rate of eight liters per minute [36].
Since the operating room is located between two adjacent rooms and the temperature difference between the spaces was
negligible, the constant temperature boundary condition was assumed for the walls. The surface temperatures of the walls were
determined by direct measurements. Table 9 presents the boundary conditions considered for the walls based on the ﬁeldwork
measurements. Human models perform as the heat sources, and their thermal effects must be considered. Medical equipment in
the OR, such as the anesthesia machine, patient care monitor, ceiling lamps, and surgical lights, also need to be considered as the
heat sources. The generated heat values were obtained from the available data and fieldwork measurements. The heat source
items in the modeled OR are tabulated in Table 10. Table 11 represents the inlet boundary conditions for the designed cases. It
must be noted that the boundary conditions for Case 1 were based on the ﬁeldwork measurements.

Fig. 4. Generated mesh for the room model.
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(a)

(b)

(c)
Fig. 5. Pressure variation at different mesh numbers: (a) axis E; (b) axis F; (c) axis G.
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Table 10. Heat sources in the OR space.
Item

Quantity

Heat source (W)

Surgical team

4

100

Patient

1

75

Anesthesia
machine

1

200

Patient care
monitor

1

100

Each pair of lamps

12

16

Surgical lights

2

42

Table 11. Boundary condition for the inlet diffusers.
Case number

Boundary

Velocity (m/s)

Temperature (oC)

RH (%)

Inlet 1

3.4

19.9

72.5

Inlet 2

2.2

21.8

72.6

Inlet 3

1.2

22.3

71.4

Inlet 4

3.6

21.1

73

Inlets

2.6

18.3

72.4

18.3

72.4

18.3

72.4

Case 1

Case 2 & Case 3 &
Case 4
Case 5 & Case 6

Case 7

Inlets

0.2

Main diffuser

0.127

Air curtain

1.14

Table 12. The range of air parameters in the OR [31, 32].
Temperature ( C)

RH (%)

Velocity (m/s)

Pressure

Minimum ACH

20-24

20-60

0.13-0.18

positive

20

o

Table 13. Coordinates of validation axes.
Axis

Coordinate
X

Y

A

2.24

1.866

B

3.94

1.866

C

3.94

3.846

D

2.24

3.846

2.7 ASHRAE standard
The ASHRAE standard provides specific guidelines and requirements for the design and operation of ORs. This standard
specifies the range of air parameters such as temperature, humidity and velocity, pressure, and minimum ACH value for the ORs
(Table 12).

3. Results and Discussions
In this section, the simulation results are presented and discussed. The air parameters such as temperature distribution, RH
distribution, velocity distribution, and CO2 concentration will be discussed for the examined cases in the subsections.

3.1 Validation
In order to validate the simulation results, the simulation values were compared with the fieldwork measurement. Validation
was conducted for the existing model (i.e., Case 1), which is a TAF-based case. In this study, the validation of the model was
conducted based on the temperature and RH values on the four axes of A, B, C, and D. The coordinates of the axes are tabulated in
Table 13.
The comparison of the fieldwork measurements and the simulation values for temperature are presented in Fig. 6. As it was
illustrated in Fig. 6, there was an acceptable accuracy for the simulation values, with a maximum deviation of 3.08%. In order to
further improve the credibility of the simulations, the validation for the RH value was also conducted (Fig. 6). The comparison
between the fieldwork measurements and simulation values for the RH parameter showed an acceptable deviation between the
fieldwork measurement and simulation values, with a maximum deviation of 7.82%.

3.2 Temperature distribution
Fig. 7 shows the temperature distribution for plane Z at the 1.14 meter above the ﬂoor, as the approximate distance for a
patient. In all the examined cases, temperature distribution around the heat sources, such as the anesthesia machine and the
patient care monitor was found to be high. Since these instruments produce a high amount of heat, a thermal mass was created
around these devices. The study showed that in Case 1 (existing system), the established maximum temperature is higher than
the maximum temperature observed by the other examined cases due to the low ACH value and high static flow situation. In
addition, it was found that in Case 2, where all the outlets are installed at the bottom, most of the inlet ﬂow moves directly to the
outlets and leaves the space without making any cooling leading to an increase in the temperature around the heat sources.
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(a)

(b)

(c)

(d)

(e)

(f)

(g)

(h)

Fig. 6. Comparison of the fieldwork measurements and simulation values for temperature: (a) axis A; (b) axis B; (c) axis C; (d) axis D and relative
humidity: (e) axis A; (f) axis B; (g) axis C; (h) axis D.

The simulation revealed that for the Cases 2 to 4, as the layout of the outlet patterns, the temperature distribution in the
space outside the SZ obeys almost the same pattern for all the cases, and variations were not observed in the zone for different
cases. Based on the simulation, the temperature is about 20oC, which is within the range recommended by the ASHRAE standards
[31].
The study showed that the temperature distribution pattern is different in the SZ for the examined cases, and this is mainly
due to the heat generation by the thermal mannequins. In Cases 1 to 4, as the TAF-based cases, the patient experiences a hightemperature value of about 30oC, which is outside the range recommended by the ASHRAE standards [31]. However, Cases 5 to 7,
as the LAF-based and LAF with the air curtain cases, could provide an appropriate temperature distribution for the SZ and
patient, and the surgical team experiences temperature values within the range recommended by the standards.
By considering all the above, it is concluded that the performances of LAF-based and LAF with the air curtain cases are more
desired than TAF-based cases in terms of provided temperature for the SZ.
Fig. 8 shows the temperature distribution in the space for different X-planes. These planes were considered as the
representative to illustrate the temperature distribution pattern in the whole space. As it was shown in Fig. 8, the temperature
around the heat sources increases due to the heat generation. By comparing TAF-based cases (Cases 1 to 4), it was observed that
Case 3 establishes a lower maximum temperature than other TAF-based cases. In other words, Case 3 is the desired conﬁguration
to keep the maximum temperature down enough in the apace. The comparison of TAF based cases performance (i.e., Cases 1 to 4)
with LAF-based and LAF with the air curtain cases (i.e., Cases 5 to 7) proved that LAF-based and LAF with the air curtain cases are
more desired than TAF-based cases in terms of keeping down space maximum temperature. According to the simulation results,
the LAF-based and LAF with the air curtain cases have the capability to establish temperature value about 8oC lower than TAF
based cases provided value.
The study showed that the temperature variation in planes of X = 1.54 m and X = 4.873 m (these two planes are the planes
excluding the SZ) was negligible in the vertical direction for Cases 2 to 4; while the variation along the Y-direction was observed.
However, in Cases 5 to 7, the temperature variation along the Y-axis is negligible, whereas a variation along the vertical being
observed.
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(a)

(b)

(c)

(d)

(e)

(f)
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(g)
Fig. 7. Temperature distribution in plane Z = 1.14 m: (a) Case 1; (b) Case 2; (c) Case 3; (d) Case 4; (e) Case 5; (f) Case 6; (g) Case 7.

The assessment of the temperature distribution in the central plane, as the plane passes through the SZ, indicates that in the
TAF-based cases (Cases 1 to 4), the temperature around the patient and the surgical team increases and makes the patient be
exposed to high-temperature values. However, LAF-based and LAF with the air curtain cases (Cases 5 to 7) provide a desired
temperature distribution for the SZ, and the patient and surgical team experience an acceptable temperature of about 20oC.

3.3 RH distribution
RH value is one of the major parameters in occupants' thermal comfort. In addition, the higher RH values would lead to the
growth and distribution of microorganisms and infections in the space, [37]. The ASHRAE [31] standard recommends an RH range
of 20% to 60% for the ORs. Therefore, RH distributions on the different planes inside the OR, including the patient body and
surgical team, were evaluated in the present research (Figs. 9 and 10). The study showed that in Case 1, as the existing system,
the RH is distributed uniformly in the OR space. In Case 1, the temperature rises in the room due to the low ACH value and
airflow durability in the space. As it is illustrated in Fig. 9, the RH distribution in the space outside the SZ is in the range of 48% to
54%. It was shown that for this case, the patient and the surgical team experience RH values about 40% to 48%.
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(a)

(b)

(c)

(d)

(e)

(f)

(g)
Fig. 8. Temperature distribution in planes X = 1.54 m, X = 3.17 m and X = 4.873 m: (a) Case 1; (b) Case 2; (c) Case 3; (d) Case 4; (e) Case 5; (f) Case 6; (g)
Case 7.

Based on the simulation results, in Cases 2 to 4, an uneven RH distribution was observed, and the patient and the surgical
team were exposed to the RH values of about 45% to 55%. It was also found that in LAF-based and LAF with the air curtain cases
(Cases 5 to 7), the patient and the surgical team experience RH values in the range of 50% to 65%; hence, the RH distribution in
Cases 5 to 7 is high for the SZ. The RH values tend to surpass the 60%, which is not within the range recommended by the
standard. The comparison of RH distribution provided by the TAF-based cases (Cases 1 to 4) with that provided by LAF-based and
LAF with the air curtain cases (Cases 5 to 7) shows that TAF-based cases could provide RH values within the lower range of the
standard recommendations. In addition, it was also found that LAF-based and LAF with the air curtain cases have the capability
to establish a more uniform RH distribution than the TAF-based cases for the SZ. However, in these cases (Cases 5 to 7), the RH
values tend to surpass 60%, which is not within the range recommended by the standard. Moreover, the distribution pattern
indicates that Case 1 could provide the most appropriate RH distribution for the OR space.
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(a)

(b)

(c)

(d)

(e)

(f)
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(g)
Fig. 9. RH distribution in plane Z = 1.14 m: (a) Case 1; (b) Case 2; (c) Case 3; (d) Case 4; (e) Case 5; (f) Case 6; (g) Case 7.

Fig. 10 shows the RH distribution for the various X-planes in the OR space. As shown in Fig. 10, the RH value decreases as the
air flows downwards and mixes with the air inside the space. In Cases 1 to 4, the inlet diffusers are located just above the planes,
excluding the SZ. As illustrated in Fig. 10, the RH value decreases as getting away from the inlet diffusers. The variation is
considerable in the Y-direction. However, in Cases 5 to 7, in the planes excluding the SZ, the RH variation along the Y-dire
ction is negligible, while the RH variation along the Z-direction is observed as approaching to the OR ceiling. In Cases 1 t
o 4, the RH distribution in the central plane is at lower values than the inlet values. As mentioned before, in Cases 1 to
4, the central plane is far from the inlet diffusers, and the inlet air RH value decreases as it flows through the SZ. There
fore, the patient and the surgical team experience low RH values. Based on the simulation results, the RH values provided by
Cases 5 to 7 are higher than the values established by Cases 1 to 4, and this is because of the fact that the inlet diffusers are
located just above the central plane. In Cases 5 to 7, the airflow is supplied directly to the SZ and consequently makes the patient
and the surgical team experience a high level of RH values.
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(a)

(b)

(c)

(d)

(e)

(f)

(g)
Fig. 10. RH distribution in planes X = 1.54 m, X = 3.17 m and X = 4.873 m: (a) Case 1; (b) Case 2; (c) Case 3; (d) Case 4; (e) Case 5; (f) Case 6; (g) Case 7.

3.4 Airflow velocity distribution
Fig. 11 shows the airﬂow velocity distribution about one meter above the ﬂoor (the plane Z = 1.14 m). In Fig. 11, the colored
regions represent the negative-velocity vector (towards the floor), and the non-colored regions represent the positive velocity
vector (towards the ceiling).
In Case 1 as the existing condition, different velocity values were observed just below the inlet air diffusers, which proves the
lack of proper velocity distribution in the area. As illustrated in Fig. 11, the velocity value below the diffuser No. 4 is the maximum
and for the diffuser No. 3 is the minimum. The upward airflow direction in the SZ was observed in this case. It was also found that
the upward flow in the surgical team’s occupied region was dominant in Cases 2 to 4. Therefore, it can be concluded that the
airflow patterns established by Cases 1 to 4, were upward, except for the inlet diffusers and their surrounding areas. It was also
observed that only a small fraction of the flow in the SZ was downward.
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(a)

(b)

(c)

(d)

(e)

(f)
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(g)
Fig. 11. Distribution of the z-component of velocity in the plane Z = 1.14 m: (a) Case 1; (b) Case 2; (c) Case 3; (d) Case 4; (e) Case 5; (f) Case 6; (g) Case 7.

The study revealed a different performance by Cases 5 to 7 for the velocity distribution. The study showed that the ﬂow
direction provided by the Cases 5 to 7 was upward for the space outside SZ; however, due to the direct flow supply in the SZ, the
airflow in this area is mostly downward, which makes the patient and the surgical team to be under a unidirectional and
downward flow condition.
Fig. 12 shows the velocity distribution for the X-planes. As it is presented in Fig. 12, in Cases 1 to 4 (TAF-based cases), where
the inlet diffusers are directly above the planes excluding the SZ, the velocity below the diffusers has its maximum value along
the vertical direction. High-velocity values established by these cases (Cases 1 to 4) make particles turbulence and disturbance to
increase around the inlet diffusers, and as a result, the risk of contamination and infection may increase. In Cases 1 to 4, the
established velocity values in the SZ is less than the values in the surrounding area, and therefore, the flow velocity is low for the
central plane passing through the SZ. This performance of airflow in the SZ in terms of velocity makes the flow to be static. As a
result, particle’s movement would be affected, and the high risk of contamination is expected. As already explained, the inlet
diffusers are located directly above the SZ in Cases 5 to 7 as the LAF-based and LAF with the air curtain cases. In these
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configurations, the inlet air directly approaches the patient and the surgical team, exposing them to a fresh air supply. The proper
supply air velocity by these cases for the SZ has resulted in lower flow stagnation than the TAF-based cases (Cases 2-4) in the
zone, and the infection risk would be minimized. Case 7, as the LAF-based case with the air curtain, was also illustrated in Fig. 12.
In this configuration, the high velocity of linear diffuser establishes an air curtain around the SZ and prevents the penetration of
the contaminants into the SZ and protects the patient and the surgical team against the external contaminants.
The surgical lights are directly located below the inlet diffusers in Cases 5 to 7; therefore, they create a physical barrier for the
supply air. This physical barrier affects the airflow direction. The airflow rotation and its stagnation under surgical lights prevent
the particle’s movement and increase the possibility of particle concentration in this area. The velocity patterns provided in the
planes excluding the SZ by Cases 5 to 7 are within a suitable range; however, a rotational flow pattern was also observed in these
areas, which may increase the contamination risk. In general, it can be concluded that LAF-based and LAF with the air curtain
cases have the capacity to establish a more desired velocity distribution than TAF based cases.

(a)

(b)

(c)

(d)

(e)

(f)

(g)
Fig. 12. Velocity distribution in planes X = 1.54 m, X = 3.17 m and X = 4.873 m: (a) Case 1; (b) Case 2; (c) Case 3; (d) Case 4; (e) Case 5; (f) Case 6; (g) Case 7.
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Fig. 13. CO2 path lines for Case 1.

Fig. 14. CO2 path lines for Case 2.

Fig. 15. CO2 path lines for Case 3.

3.5 Path lines of the occupants' respiratory ﬂow (CO2 path lines)
Figs. 13-19 illustrate the path lines of the occupants' respiratory flow (CO2 path lines) for the examined cases. As illustrated in
Fig. 13, in Case 1 (existing condition), the occupants' respiratory flow in the SZ mixes with the fresh air causing the inlet air to be
contaminated.
Figs. 14-16 show the occupants' respiratory flow for Cases 2 to 4. As shown in these patterns, the occupants' respiratory ﬂow is
transmitted to the outside region of the SZ; consequently, it decreases the concentration of contaminants in the SZ compared to
the situation established by Case 1. Moreover, in Case 2 (see Fig. 14), since a signiﬁcant part of the occupants' respiratory ﬂow
moves directly to the outlet diffusers, the concentration of contaminants in the SZ is lower than the situation provided by Cases 3
and 4.
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Fig. 16. CO2 path lines for Case 4.

Fig. 17. CO2 path lines for Case 5.

Fig. 18. CO2 path lines for Case 6.

The occupants' respiratory flow path lines established in Cases 5 to 7 show more efﬁcient patterns (Figs. 17-19). As it is shown
in Figs. 17-19, the occupants' respiratory flow is directly drawn out of the SZ and prevents the respiratory particles accumulation
in the zone.
It was also revealed that Case 7, as the LAF-based case with the air curtain, is the most desired configuration in terms of
minimizing the concentration of contaminants in the SZ. In Case 7 conﬁguration, the air curtain in the SZ, functions as a physical
barrier and prevents the environmental contaminants and reversed occupants' respiratory flows from entering into the SZ (see
Fig. 19).
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Table 14. The mean values of CO2 concentration established by the Cases.
Case

Concentration (ppm)
Patient

Surgeon

Anesthetist

Nurse 1

Nurse 2

Z = 1.14

Z = 1.7

Case 1

22.30

16.59

17.86

17.99

18.30

3.36

5.08

Case 2

18.90

14.28

15.77

14.25

15.92

1.61

0.89

Case 3

20.06

15.28

16.56

14.17

17.75

1.82

1.26

Case 4

18.90

14.67

15.06

14.22

17.06

1.78

1.05

Case 5

18.48

13.68

13.82

13.66

14.24

1.38

0.70

Case 6

18.92

14.01

15.35

13.93

15.36

1.37

0.68

Case 7

17.64

13.13

13.51

12.70

13.32

1.08

0.38

3.5.1 The CO2 concentration
Table 14 presents the mean CO2 concentration values for the patient and personnel. The two vertical distances from the floor,
for the patient and surgical team, as the planes Z = 1.14 m and Z = 1.7 m, were considered for this purpose. As tabulated in Table
14, Case 1 (existing condition) establishes the highest values of CO2 concentration, and this is due to the lack of ACH rate and
non-effective control on the flow pattern. In Case 1, the mean CO2 concentration value on the patient’s body and in the patient’s
breathing region is 22.30 ppm and 3.36 ppm, respectively. As tabulated in Table 14, by conﬁguring the output layouts as the Cases
2 to 4, the CO2 concentration value has been significantly reduced. It was also found that for the TAF-based cases (Cases 1 to 4),
Case 2 could establish the most desired values for the CO2 concentration in the patient’s breathing region. In this case, the mean
CO2 concentration on the patient’s body and in the patient’s breathing region is 18.90 ppm and 1.61 ppm, respectively.
The performance of the LAF-based and LAF with the air curtain cases (Cases 5 to 7) in terms of CO2 concentration was also
tabulated in Table 14. It was found that the LAF-based and LAF with the air curtain cases (Cases 5 to 7) have the potential to
provide a more appropriate distribution of CO2 concentrations than the TAF-based cases (Cases 1 to 4). Moreover, it was proved
that the most appropriate case is the LAF with the air curtain as Case 7. In Case 7, the established mean CO2 concentration on the
patient’s body and the patient’s breathing region is 17.64 ppm and 1.08 ppm, respectively. Case 7 conﬁguration could keep the
patient and the surgical team from the risk of infection by creating a more sterile space for the SZ.
In the examined cases, the CO2 concentration is less than the legal limitations (1500 ppm). However, for the success of
surgical procedures, the concentration of pollutants in the operating room must be at its lowest level. Therefore, different cases
were examined to suggest a case that creates the lowest concentration of pollutants in the OR. The examination of CO2
concentration shows that Case 7 conﬁguration establishes the lowest CO2 concentration levels in the OR. It was also found that
Case 7 has the capability to reduce the CO2 concentration value about 20.90%, 20.86%, 24.36%, 29.41%, 27.21%, 67.86%, 92.52% for
the patient, surgeon, anesthetist, nurse 1 , nurse 2, Z = 1.14 m and Z = 1.7 m, respectively compared to Case 1.

4. Conclusions
In the present research, the performance of the existing HVAC system in an OR in terms of indoor air conditions and air
distribution patterns were studied. Different configurations for the inlet and outlet diffusers as the six different cases were
examined to explore the possible improvements in the HVAC system’s performance. CFD method was employed for this purpose,
and three methods of turbulent airflow (TAF), laminar airflow (LAF), and LAF with the air curtain methods were considered.
The findings are presented below:
i. The fieldwork study and simulations revealed that the temperature distribution of the existing system of the OR could not
establish a desired temperature distribution for the OR space. It was shown that due to the low ACH value and static flow
in the existing case, high values of temperature were provided for the OR space.
ii. The temperature distribution established for the SZ by the TAF-based cases is non-uniform, and the patient and the
surgical team are exposed to high-temperature values, while the LAF-based and LAF with the air curtain cases could
provide more uniform temperature distributions than the patterns established by the other examined cases for the SZ,
and the patient and the surgical team are exposed to an appropriate temperature of 20oC.
iii. The RH distribution in the existing case and the LAF with the air curtain cases has more uniformity than in the other
examined cases. However, the existing case is the desired case to create appropriate RH values in the space and for the SZ
in particular.
iv. The air velocity distribution by TAF-based cases was inappropriate, and a stagnant space was created in the SZ by the
TAF-based cases. However, the LAF-based and LAF with the air curtain cases have the capability to provide an appropriate
air velocity distribution for the SZ.
v. The Maximum CO2 concentration for the OR space and especially for the SZ, was observed in the existing case, and it
proves the inefficient operation of the existing ventilation system. It was also found that the LAF with the air curtain case
has the capability to establish the most appropriate level of contaminant’s concentration.
By considering all the above, it can be concluded that the LAF and LAF with the air curtain cases are the most suitable cases
for establishing comfortable conditions for the OR. Among the examined cases, the LAF with the air curtain as the proposed case
is the best configuration in terms of the contamination risk and creates a more sterile environment for the OR.
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Fig. 19. CO2 path lines for Case 7.
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Nomenclature
C

Constant

D

Molecular diffusivity coefficient

Dt

Turbulent molecular diffusivity coefficient

E

Total energy (J)

Gb

Generation of turbulence kinetic energy due to buoyancy

Gk

Generation of turbulence kinetic energy due to the mean velocity
gradients

g

Gravity acceleration (m/s2)

h

Enthalpy (J)

k

Turbulence kinetic energy (J)

Keff

Effective conductivity (W/mk)

P

Static pressure (Pa)

S

Source terms

Si

The contaminant generation rate

T

Temperature (K)

V

Velocity (m/s)

v

Velocity vector (m/s)

YM

Contribution of the fluctuating dilatation

Greek Symbols



Kinematic viscosity (m2/s)

µ

Dynamic viscosity (kg/ms)

µeff

Turbulent viscosity coefficient (Pas)

µt

Turbulence viscosity (kg/ms)



Fluid density (kg/m3)

o

Specified density of air(kg/m3)
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=

τ
=

τef
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Boussinesq density (kg/m3)
Stress tensor (Pa)
Deviatoric stress tensor (Pa)



Thermal expansion coefficient (k-1)

σk

Turbulent Prandtl number for k

σε

Turbulent Prandtl number for 

ε

Rate of dissipation (m2/s3)

Yi

Species concentration

Abbreviations
ACH
ASHRAE
CFD
HVAC

Air change rate per hour
American society of heating, refrigerating and air-conditioning
engineers
Computational fluid dynamic
Heating, ventilation and air conditioning

IJV

Impinging jet ventilation

ISC

Iranian surgery clinic

LAF

Laminar airflow

OR

Operating room

PIV

Particle image velocimetry

RH

Relative humidity

SZ

Surgical zone

TAF

Turbulent airflow
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