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Effects of Staff Movement and Air Change 
Rate on the Airfl ow Fields in a Hospital’s 
Operating Room
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Abstract :  Airborne particles in operating rooms (OR) are strongly related to an increased risk of surgical 
site infection. The particles level is commonly minimised using cleanroom-derived airfl ow systems. This 
study investigates the effects of hospital staff displacement and air change rate per hour (ACH) on airfl ow 
fi elds inside an OR. A simplifi ed three-dimensional model of the OR was developed using the Computational 
Fluid Dynamics software. A fl ow model using SST k-ω model based on the Reynolds-Averaged Navier-
Stokes (RANS) equations was carried out to predict the distribution of air velocity. Staff lateral motion was 
simulated by pre-defi ned dynamic meshes using a user-defi ned function (UDF). A parametric study was 
carried out to examine the effects of human movement and ACH on the air velocity distribution inside the 
OR. Results show that lateral human movement created a signifi cant effect on the airfl ow patterns inside the 
OR. However, there is no impact for the case of ACH. As the travelling speed of the staff increases to 1.5 m/s, 
the higher air velocity region developed in the vicinity of the back area of the personnel.
Keywords : Operating room; CFD simulation; dynamic mesh; user-defi ned function; air change rate.

1.  INTRODUCTION

A hospital’s operating room (OR) is the main healthcare facility used to perform surgical procedures. The 
majority of ORs worldwide employ the cleanroom technology to provide a highly controlled and clean 
environment for both the patients and the hospital’s personnel. However, in recent studies, they concluded 
that a high surgical site infection (SSI) rate was due to a higher level of airborne particles at the surgical 
sites [1]. Among others are a study done by Karlatti and Hannavar [2], where they found that the post-
operational SSI rates were increasing when the surgery was performed in unclean surroundings. It was 
estimated that nearly 3% to 5% of the patients who underwent surgery in clean environments developed 
SSIs [3],whereas surgical procedures performed in ultraclean environments were associated with an SSI 
incidence rate as low as 1% [4].The application of a proper ventilation system inside those controlled 
environments could reduce numbers of SSI [5].

An SSI is defi ned as any infection that follows an operative procedure and occurs at or near the 
surgical incision within 30 days of the procedure [2, 6]. SSIs are ranked third amongst the most common 
Healthcare-Associated Infections (HAI). They make up nearly 13-17% [5, 7] and 10-40% [3] of the total 
HAI cases reported in Europe and the US, respectively. Singh et al. [3] found out that in over 27 million 
operations performed annually in the US, SSIs were reported in approximately 300,000 cases, of which 
8,000 ended up in fatalities [3]. SSIs are associated with an increased risk of death, additional treatment 
costs and prolong hospital stays. The rate of post-operative morbidity has increased by 65 to 80% due to 
the increment of the number of SSI [8] and has caused the rise of hospitalisation costs by 3-29 thousand 
US dollars per case depending on the type of the surgical procedure performed [9]. One of the valid 
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examples is a case study presented by Chow and Wang in 2012, where the medical care expenses for a 
patient with a prosthetic joint SSI has reached to $100,000 US due to longer stay in the hospital by up to 
7-10 days on average [9, 10].

The ventilation system inside an OR is specially designed to produce a free particle sediments 
environment. The principal use of this system is to fi lter the unwanted residues from the outdoor to enter 
the room and to remove the existing particles to the adjacent area. The direction of the airfl ow and the 
rate of air-change (ACH) in the OR are the main factors in determining the amount of airborne particle 
settlement [11, 32]. ACH is defi ned as the measure of the supply air volume added to a confi ned space 
in an hour. Under an adequate air exchange condition, the contaminated air could effectively replace by 
 the fresh-clean air. A The American Society of Heating, Refrigerating, and Air-Conditioning Engineers 
(ASHRAE) [12] recommended practitioners to employ a unidirectional airfl ow ventilation in the OR. The 
supply air is located at the ceiling, while the exhaust air is removed to the adjacent area by exhaust grilles 
near the fl oor. The unidirectional airfl ow is capable of reducing the number of airborne bacteria and the 
risk of surface contamination at the surgical sites [13]. A proper ACH could add a further improvement in 
reducing particles amount inside the OR. Many studies have been carried out to ascertain the appropriate 
ACH, the proposed ACH is in the range of 8/h to 20/h[14-16]. For a constant particle generation rate inside 
an OR, the higher ACH could improve the removal rates of the airborne particles.

This article presents results of a study on the effects of moving surgical staff and ACH rates on 
the distribution of air velocity inside an operating room (OR). A computational fl uid dynamics (CFD) 
method was used to develop a simplifi ed model of the OR. An SST k-ω model based on the Reynolds-
Averaged Navier-Stokes (RANS) equations was carried out to predict the distribution of air velocity. 
A parametric study was performed to examine the infl uences of human movement and ACH on the air 
velocity distribution inside the OR. Three moving speeds of the staff and ACHs were considered. The 
considered staff moving rates are 0.5, 1.0 and 1.5 m/s, while the ACHs are 41/h, 52/h and 63/h.

2.  METHODOLOGY

2.1. Case Study

Y

Z X

Stationary staff

Moving staff

Movement direction

Figure 1: Simplifi ed CFD model of the operating room with three surgery staffs in an upright standing posture 
(blue) and one staff is moving towards the operating table (red)

The tested operating room is based on the actual operating room of a private hospital located in Malaysia. 
The air is supplied into the room through the supply air diffusers mounted at the ceiling. The air fi ltration 
for the operating room is carried out in three stages. The fi rst and second stage fi lters have a trapping 
effi ciency of 30% and 95%, respectively. The third stage, known as a high-effi ciency particulate air 
(HEPA) fi lter is capable of trapping 99.97% of particles with sizes larger than 0.3 m. About 10% of the 
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total ceiling area is covered by the supply air diffuser and surgical lamp fi xtures. The operating room has a 
positive pressurization. The air is exhausted through exhaust grilles located at the four corners of the lower 
section of the operating room walls. The supply air diffuser covers the entire perimeter of the operating 
table. A total of four medical staffs were placed around an operating table. A lateral displacement with 
three different speeds was prescribed at one personnel, i.e. 0.5, 1.0 and 1.5 m/s. These speeds have been 
reported as the human walking speed in healthcare facilities [17]. Zero velocity was specifi ed at the 
remainder staffs. As illustrated in Figure 1, the moving staff is coloured in red travels along the z-axis 
towards the surgical table. 

Three different ACH rates were examined: 41/h, 52/h and 63/h. These ACH values are obtained by 
changing the supply air velocity as recommended by IEST standard [18], i.e. 0.36 m/s, 0.45 m/s, and 
0.54 m/s. Equation (1) expresses the ACH for a positive pressure operating room [19]. The fl ow model 
was performed under transient conditions.

 Air Change Rate per Hour = 

2

3

mSupply Air Velocity × Supply Air Area (m ) × 60
min

Room Volume (m )

æ ö÷ç ÷ç ÷çè ø
 (1)

2.2 Description of CFD Model

Figure 2 shows a simplifi ed CFD model of the hospital operating room. The model includes an operating 
table, supply air diffusers and air exhaust grilles. The supply air diffusers measure 1.2 m (W)  0.6 m (L) 
while the exhaust air grilles have the dimension of 0.22 m (W) × 0.46 m (L). There is a total of six air 
supply diffusers located at the ceiling of the operating room, directly above the operating table. They were 
designed such that the downward air fl ow covers the entire area of the operating table with a 305 mm 
offset on all sides of the table. This feature is to fulfi l the requirement of the ASHRAE Standard 170 [20]. 
Each exhaust grille has an active area of 0.084 m2. They are located in the middle of the four sides of the 
room wall, at a height of 0.25 m from the fl oor.

Supply air diffusers

Exhaust outlet Surgical table Medical staff

Figure 2: Major components of the simplifi ed CFD model of the operating room

2.3. Meshing of Computational Domain

The ANSYS CFD software was used to mesh the computational domain of the CFD model. The model 
was discretized with an unstructured mesh composed of tetrahedral elements. A growth rate of 1.20 was 
used between the mesh layers to obtain a reliable prediction of wall boundary layers. Mesh refi nement was 
applied in areas where a signifi cant variation of airfl ow fi eld occurred [21] i.e., the surfaces of the medical 
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personnel, supply air diffusers, return air grilles, surgical table and two surgical lamps. Element surface 
size ranged between 4.8 × 10–3 and 0.25 m; and the maximum skewness is 0.81. 

Grid independence test (GIT) was carried out to establish the number of elements that would minimise 
the effects of meshing on the results of the simulations. Selecting fewer elements could lead to a poor 
discretization, while too many could lengthen the simulation time. Four sets of element numbers were 
tested, namely from 1,000,000 up to 7,000,000 elements. The variation of airfl ow velocity along the z-axis 
at 1.2 m above the fl oor level in the model for a different number of elements is plotted, as shown in Figure 
3. It can be seen that the airfl ow velocity is nearly unchanged when 2,500,000 elements were used to mesh 
the computational domain. 
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Figure 3: The airfl ow velocity variation on a plane of 1.2 m height from the fl oor for a different number of elements

2.4. Prescription of Boundary Conditions

Table 1

Boundary conditions prescribed in the CFD model

Zone Type Boundary conditions

Surgical table Wall
•   Wall motion: Stationary wall
•   Shear condition: No slip

Floor Wall •  Wall motion: Stationary wall

Static staff Wall •  Type: Wall

Moving staff Wall •  Wall condition: Stationary wall

Supply air diffusers Velocity inlet

•   Velocity specifi cation method - magnitude: Normal to boundary
0.36 m/s (ACH = 41/h)
0.45 m/s (ACH = 52/h)
0.54 m/s (ACH = 63/h)

•  Temperature: 293 K
•  Turbulent intensity: 5%

Exhaust outlets Pressure outlet •  Gauge pressure: 0 Pa
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Table 1 lists the boundary conditions prescribed on the CFD model for the fl ow analysis. Inlet air fl ow 
condition was specifi ed at the ceiling mounted diffusers. A no-slip condition applied to the wall boundaries. 
A UDF code that defi ned the dynamic movement of the staff was incorporated into the ANSYS Fluent 
software. The code was generated using Microsoft Visual C++ programming language. All airfl ow 
boundary conditions were specifi ed in the direction normal to the respective surfaces.  A zero gage pressure 
condition was set at the exhaust grilles, which serve as the air outlets. The air fl ow inside the operating 
room was assumed as incompressible.

2.5. Selection of Airfl ow Model

The governing equations that describe the fl uid fl ow within an enclosure are all based on the conservation 
of mass, momentum and energy within the space. Several fl ow models are available in the CFD software 
to simulate the airfl ow inside the computational domain. These are Reynolds-Averaged Navier- Stokes 
(RANS) family equations which include the k-, k-, transition SST, detached eddy simulation (DES) and 
large eddy simulation (LES) models [22-26]. When compared to all the models above, the RANS model 
is adequate for solving a transient airfl ow and giving suffi ciently reliable results. While, the applications 
of DES and LES demand a high computational power and longer computation time [22, 25]. Therefore, 
in this study, the fl ow model was examined under a transient condition using the SST k- RANS model 
including both SIMPLE [13, 23, 25, 27, 28] and SIMPLEC algorithms [22]. 

The SST k- model was shown in previous works to be reliable in producing both near-wall and far-
fi eld airfl ow predictions[29]. The governing equations for the SST k-ω model are given by Equations (2) 
and (3) below [30]:

 (k)/t + (kúi)/xi = (k k/xj)/xj + Ĝk – Yk + Sk (2)
 ()/ + (úi)/xi = (/xj)/xj + G – Y + D + S (3)

where  = fl uid density 
 t =  time
 úi = velocity component
 xi = coordinates
  = fl uidviscosity
 k = kinetic energy 
  = specifi c rate of dissipation 
  =  effective diffusion parameter
 G = turbulence kinetic energy 
 Y = dissipation due to turbulence 
 D = cross-diffusion term
 Si = source term
 A SIMPLEC algorithm was selected to handle the coupling effects between the fl ow velocity and 

pressure. A QUICK discretization scheme was selected to reduce the effects of numerical diffusion on the 
solution as it would help improve the accuracy. A convergence criterion of 1 × 10-4 was chosen to ensure a 
good convergence of the fl ow analyses. The time interval of 0.001 second was considered for the transient 
simulations with maximum allowable iterations of 30. The turbulent intensity was set at 5%. A UDF code 
that defi ned the dynamic movement of the staff was embedded into the ANSYS Fluent software.

2.6. Air Flow Velocity Validation

The airfl ow simulation was validated under a steady-state condition. The simulated results were compared 
with airfl ow velocities obtained from the fi eld measurement. A CFD model of the operating room was 
based on the actual operating room of a private hospital located in Malaysia. The CFD model includes an 
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operating table, supply air diffusers and air exhaust grilles. The model was meshed using the tetrahedral 
cells with a maximum skewness of 0.81. The minimum and maximum elements sizes are 4.8  × 10-3 and 
0.25 m, respectively. An SST k- turbulence model was used to perform the airfl ow simulation. An airfl ow 
velocity of 0.45 m/s was prescribed at all the supply air diffusers as the boundary conditions, which was 
based on actual measured data. A zero-gauge pressure boundary condition was specifi ed at all the air 
outlet grilles. The air fl ow inside the operating room was assumed as incompressible. A no-slip condition 
was defi ned at all the wall surfaces. The second order upwind scheme was used for pressure, momentum, 
turbulence kinetic energy, and turbulent dissipation rate. A convergence criterion of 1  × 10-4 was selected 
to ensure a good convergence of the fl ow analyses.
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Figure 4: Sampling locations of airfl ow velocity on a plane of 1.2 m above the fl oor level

Figure 4 illustrates the measuring points on the horizontal plane at a height of 1.2 m from the fl oor 
inside the operating room. The sampling points were established according to IEST standard [18], in which 
each grid section could not exceed 30 m2. Figure 5 shows the comparison between simulated results and 
of the measured airfl ow velocities at all measuring points. It can be observed from the fi gure that there is a 
good agreement between the simulation and the measured results. The difference in the airfl ow velocities 
was found to be about 7.8%. This value can be considered acceptable since it is well below 20% [31].
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Figure 5: Comparison between the measured and predicted airfl ow velocity variation on a plane of 1.2 m height from the fl oor
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3. RESULTS AND DISCUSSION

The airfl ow distribution inside the OR were examined for various values of moving rates of a staff and 
ACHs of the OR. The results of the parametric analysis are illustrated in Figures 6 through 9. Figures 6 
(a) – (f) show the distributions of the airfl ow as a staff travels towards the operating table along the z-axis 
at a rate of 0.5 m/s under various ACHs of 41/h, 52/h, and 63/h. It was found that the interference of the 
moving person into the air stream has developed a higher air velocity zone in the vicinity of the body as 
compared to the other regions, i.e. around 0.45 m/s. No signifi cant differences can be seen on the airfl ow 
pattern when the ACH increases from 41/h to 63/h.
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Figure 6: Airfl ow velocity distributions when a staff travels at a rate of 0.5 m/s under various ACH values of (a & b) 41/h, 
(c & d) 52/h, (e & f) 63/h

Figures 7(a) – (f) show the airfl ow velocity patterns inside the OR when the staff moves towards 
the operating table at a rate of 1.0 m/s along the z-axis under various ACH values. A slightly higher air 
velocity fi eld has been developed around the body of the moving person when compared to the former 
case, i.e. around 1.05 m/s. A smooth swirling fl ow pattern can also be noticed in the area near to the head. 
The average air velocity around the person approaching the operating table increases with the ACH of the 
room and the staff speed, where this is undesirable. This condition could cause a turbulent airfl ow in the 
area near to the operating table, where this would possibly induce a light and tiny particle quickly released 
from the staff.

Figures 8 (a) – (f) show the airfl ow velocity distributions inside the OR when a staff was marching 
towards the operating table at a rate of 1.5 m/s along the z-axis under various ACH values. It was found 
that the patterns of the air velocity are pretty similar to the previous two cases, where a higher air velocity 
fi eld has developed adjacent to the moving body. However, the magnitude is greater than the previous 
cases, since the ACH value of the OR has also increased. It can be observed through Figures 6 to 8 that 
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the magnitude of air velocity near to the staff’s body increases steadily over the range of ACH values 
and the staff speed by 57 %. However, when the speed of the person walking towards the operating table 
unchanged, the variation of the ACH values has no signifi cant effect on the airfl ow velocity distributions. 
The higher air velocity fi eld near to the human body progressing towards the operating table would cause 
small and light particles to be released from the person, and this could contaminate the surgical area. A 
swirling fl ow pattern can also be seen in the region near to the head. 
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Figure 7: Airfl ow velocity distributions when a staff travels at a rate of 1.0 m/s under various ACH values of (a & b) 
41/h, (c & d) 52/h, (e & f) 63/h

Figure 9 shows the airfl ow patterns inside the OR when the ACH value was at 63/h under various 
moving staff speeds towards a surgical table along the z-axis. It was found that when the rate of the moving 
person increases, it leads to the increment of the airfl ow velocity in the vicinity of the body as compared to 
the other regions. For a given ACH value, the air velocity fi eld near to the human’s body rises steadily over 
the range of the staff speeds by 70 %. A swirling fl ow pattern can also be seen in the area near to the head.

4. CONCLUSION

A computational fl uid dynamic method was used to carry out simulations to predict the airfl ow distribution 
in a hospital operating room. The goal is to examine the effects of moving rates of a surgical staff and ACH 
values on the airfl ow distribution. Results show that under the present ventilation system, the interference 
of the moving person into the air stream had developed a higher air velocity region in the vicinity of 
the body as compared to the other regions. For a given staff speed, the magnitude of the airfl ow near to 
the staff body increases steadily over the range of ACH values by 57%. While for a given ACH value, 
the magnitude of the airfl ow near to the staff body rises steadily over the range the staff speeds by 70%. 
However, when the speed of the person walking towards the operating table unchanged, the variation of 
the ACH values has no signifi cant effect on the airfl ow velocity distributions. The higher air velocity fi eld 
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near the human body progressing towards the operating table would cause small and light particles to be 
released from the person, and this could contaminate the surgical area. 
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Figure 8: Airfl ow velocity distributions when a staff travels at a rate of 1.5 m/s under various ACH values of (a & b)
41/h, (c & d) 52/h, (e & f) 63/h
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Figurre 9: Path lines illustrations at a velocity of (a) 0.5 m/s, (b) 1.0 m/s and (c) 1.5 m/s
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