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Abstract. During a surgical procedure, each of the medical staffs would have different
postures. Supporting medical staff such as anaesthesiologist would stand in upright condition
with straighten-forearm, while medical staff that is performing surgical procedures is in bent-
forearm posture. The positioning of forearm might interrupt the air supplies from the ceiling-
mounted diffuser, that serves to remove the airborne particles from the surgical zone.
Consequently, the movement of particles in the surgical zone is affected, and the tendency of
particles to fall onto the patient’s wound is increased. This situation could elevate the chances
of a patient contracting surgical site infections and could increase the risk of death. The present
study aims to examine the effects of medical staff’s forearm posture on the number of particles
falling onto the patient. A simplified computational fluid dynamics (CFD) model of the
operating room was developed and validated based on the published data. An RNG k-¢
turbulence model based on the Reynolds-Averaged Navier-Stokes (RANS) equations was used
to simulate the airflow, while a discrete phase model was used to simulate the movement of the
airborne particles. Results show that bent-forearm of medical staff obstructed the downward
airflow to remove the particles released by the medical staff. Approximately 37 particles/m3
accumulated in the chest region of the medical staff. A high particle accumulation is also
observed at the gap between the staff’s legs due to the stagnant airflow.

1. Introduction
An operating room (OR), also known as an operating theatre, is a healthcare facility that enables
surgeons to carry out surgical operations. The majority of ORs worldwide employ cleanroom
technology to provide a highly controlled and clean environment for both the patients and the
hospital's personnel. It is necessary to maintain a contaminant-free environment for the patient during
surgical procedures. Recent studies concluded that 98 % of surgical site infections (SSI) were due to
the settlement of airborne particles on the patients” wounds [1, 2]. A study conducted by Karlatti and
Havannavar [3] found that post-operational SSI rates were increased when the surgery was performed
in unclean surroundings. It has been estimated that nearly 3 % to 5 % of patients who underwent
surgery in clean environments developed SSlIs [4], whereas surgical procedures performed in ultra
clean environments were associated with an SSI incidence rate as low as 1 % [5].

This article presents a numerical study to investigate the transport of airborne particles inside an
OR in a private hospital in Malaysia. The particles were assumed to be discharged from the exposed
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faces of the surgical staff at a given mass flow rate. The objective is to examine the transport paths and
concentration of the particles in the vicinity of the operating table, under a steady-state condition. A
simplified model of the operating room was developed using Fluent Computational Fluid Dynamics
(CFD) software and validated for flow analysis. An RNG k-¢ turbulent model was employed to
simulate the airflow, while a discrete phase model (DPM) was used to simulate the transport of the
airborne particles.

2. Description of the CFD Model

A CAD software was used to construct a computational domain representing the OR. The dimensions
are as follows: 6 m (length) x 5.5 m (width) x 3 m (height), with the configuration as seen in Figure
1(a). The boundary conditions prescribed on the CFD model are shown in Figure 1(b).

Airsupply  Manikin Manikin
PP (Type 2)
(Type 1)

Surgical lamp
Medical

equipment
Equipment
table

Exhaust

i

(a)
Supply air diffuser,
Velocity: 0.43 m/s
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Surgical lamp,
Heat flux: 320 W/m?

-

Medical staffs,

Heat flux- 116 W/m? Medical equipment; " Exhaust grilles,
Heat flux: 255 W/m? Gauge pressure: 0 Pa

Figure 1. (a) Computational domain of the OR with manikins and
furniture, (b) Boundary conditions specified on the CFD model

Clean air was supplied into the room through ceiling-mounted air supply diffusers. About 14 % of
the total ceiling area was covered by the air supply diffusers and surgical lamp fixtures. The outgoing
air was extracted via four exhaust grilles placed on four corners of the wall at 0.25 m above floor
level. The door’s gaps were not modelled in the computational domain due to the opening being very
small. The effect of gaps on airflow changes is assumed to be negligible, and the intrusion of particles
is not possible due to the positive pressurisation in the OR.
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The boundary conditions were prescribed, and the fluid and particle properties were applied on the

CFD model of the OR. An inlet air flow condition was specified at the ceiling-mounted diffusers. The
magnitude of the airflow velocity was similar to that obtained from the field measurement. All airflow
boundary conditions were specified in the direction normal to the respective surfaces. A zero-gauge
pressure condition was set at the exhaust grilles, which served as the air outlets. The air flow inside the
OR was assumed to be incompressible. Under this assumption, the air cannot be compressed and has a
constant density. A no-slip condition was applied at all the walls of the OR. With this condition, the
fluid sticks to the walls, and its flow velocity gradually increases away from the walls. The heat flux
condition was applied to all medical staff, the patient, the surgical lamps and the medical equipment.
With this application, the heat is transferred to the environment through the surfaces of the objects.
For the particle boundary conditions, an escape condition was specified at the air supply diffusers and
exhaust grilles, while a trap condition was set on the patient, walls, surgical lamp, medical equipment
and equipment table. The airborne particles were released from the surfaces of the medical staff at a
rate of 600 particles/minute. This is equivalent to a mass flow rate of 1.31 x 10" [6]. Airborne
particles with an aerodynamic diameter ranging from 5 pm to 10 um are widely considered as
bacteria-carrying particles [6, 7]. Hansen, Krabs, Benner, Brauksiepe and Popp [8] found that particles
that cause SSI have diameters ranging from 5 um to 10 um. For indoor simulation purposes, Liu,
Wang and Wen [6] reported that the predicted particle distribution using particle diameter of 5 pm was
almost identical to that using the particle diameter of only 7 um or 10 um. This is due to these
particles having negligible differences in size and density. Therefore, this study did not consider
particles with a diameter of 7 um and 10 um, but considered only 5 um. The airborne particles with an
aerodynamic diameter of 5 pm had a density of 2.0 g/cm® [6]. The dispersion of particle due to
turbulence was modelled using the Stochastic tracking feature of the ANSYS CFD software.

3. Main Results

The present CFD model represents an OR that utilised the ceiling-mounted diffusers to supply clean
air into the room, and the air was then exhausted through the four exhaust grilles that was mounted at
the low level of the four corner walls. A total of five medical staff and one patient were incorporated
into the CFD model. The medical staff were positioned around the operating table with a standing
posture, while the patient was placed on the operating table in a recumbent posture. Each member of
the medical staff constantly released the bacteria-carrying particles from their exposed surfaces. The
contour plots of airflow velocity distribution on a y-z plane that cuts through the medical staff 2 and 4,
and a y-z plane that cuts through the surgical lamps are shown in Figure 2 (a) and (b), respectively.
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Figure 2. Contour of airflow velocity distribution with the airflow vector on a
y-z plane at coordinate (a) x = 3.4 m that cuts through medical staff 2 and 4, (b)
x = 3 m that cuts through two surgical lamps

As seen in Figure 2 (a), the air velocity of 0.43 m/s was supplied into the OR. A high airflow was
observed near the air supply diffuser, located near the ceiling of the room. A low air distribution was
identified at the bottom of the room, especially the region below the operating table. As the OR is
furnished with the ceiling-mounted air supply diffuser, the unidirectional airflow was found to be
easily interrupted by the lamp’s fixture and the surgical lamp, as shown in Figure 2 (b). Low airflow
regions which are bounded by the red-dotted boxes occur due to the obstruction by the surgical lamps.
Under the similar type of ceiling-mounted air supply diffuser, Aganovic, Cao, Stenstad and Skogas [9]
discovered that the sizing and positioning of the surgical lamp affected the airflow distribution in the
surgical zone and the number of particles that settled on the operating table. Cao, Storas, Aganovic,
Stenstad and Skogés [10] also claimed that the surgical lamp significantly affects the airflow path and
velocity in the proximity of a patient. All these findings indicate that inappropriate placement of the
surgical lamp can significantly hinder the clean air supply over the surgical zone.

The distributions of particle concentration on a y-z plane that cuts through the medical staff 2 and
4, and a y-z plane that cuts through the surgical lamps are shown in Figure 3 (a) and (b), respectively.
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Figure 3. Distribution of particle concentration on y-z plane at coordinate
(a)x=3.4m,(b)x=3m
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Insignificant particle concentrations can be identified at the medical staff’s upper body as shown in
Figure 3(a). However, a high particle concentration can be found in the regions between the medical
staff’s legs, which is due to a stagnant airflow. The presence of a stagnant airflow region should be
prevented, as it could increase the accumulation of particles in the OR. Also, the accumulated particles
could possibly re-enter the surgical zone when there is a circulating flow. As seen from Figure 3(b),
there is no particle build-up in the region under the surgical lamps. However, the particles were found
to be dispersed to the surrounding environment due to the weak downward air supply. This finding
indicates that a stronger downward air supply could reduce the dispersion of particles and promotes
the removal of airborne particles from the surgical zone.

The contour plots of airflow velocity and particle concentration that cuts through the two forearm-
bending staff members are presented in Figure 4.



Sustainable and Integrated Engineering International Conference 2019 (SIE 2019) IOP Publishing

IOP Conf. Series: Materials Science and Engineering 884 (2020) 012103 doi:10.1088/1757-899X/884/1/012103
Velocity,
(m’s) Medical staff 5 Medical staff 4 Medical
0.50

(Bent-forearm) equipment

(Bent-forearm)
|

0.45
0.40
0.35
0.30
[ 0.25
'+ 0.20
0.15
0.10
0.05
0.00

™

()

Particle concentration,
(particle/m?)

40
H 36
32

28

Accumulation of
particles

™ L

(b)
Figure 4. An x-y plane at coordinate of z = 2.2 m that cuts through two bent-forearm
medical staff members (a) contour of airflow velocity with airflow vectors, (b)
distribution of particle concentration

Figure 4(a) shows that the medical staff 2 and 4 are blocking the airflow supplied from the ceiling-
mounted air supply diffuser. A low airflow distribution can be identified at the gap between the staff’s
legs. This has subsequently increased the tendency of particles to be trapped in this region. Although
the supply air complies with the NEBB Standard [11], the results show that the airflow velocity is
considerably reduced before reaching the medical staff and the patient. When the air reaches the head
of the medical staff, the airflow velocity is reduced to approximately 0.11 m/s. The air velocity
becomes close to zero it reaches near floor level. Such a low airflow is not desirable in the OR, as it is
not capable of removing the particles through the exhaust grilles.

As seen from Figure 4(b), approximately 37 particles/m*> accumulated in the chest region of the
medical staff 4. The reason is that the bent-forearm of medical staff 4 obstructed the downward
airflow to remove the particles released by the medical staff. A high particle accumulation is also
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observed at the gap between the staff’s legs due to the stagnant airflow. Under the present ventilation,
the airflow distribution in the vicinity of the medical staff and the patient is low. Also, the supplied
airflow in a downward direction was found to be insufficient to remove the airborne particles
effectively. In an actual surgical procedure, these phenomena could increase the probability of
particles settling on the patient’s wound. Consequently, the chances of the patient getting an SSI are
increased.

4. Conclusion

A computational fluid dynamic method was used to carry out simulations to predict the airflow
distribution and the movement of airborne particles in a hospital operating room. The goal was to
examine the effects of medical staff’s forearm posture on the number of airborne particles settled on
the patient. Results show that bent-forearm of medical staff obstructed the downward airflow to
remove the particles released by the medical staff. Approximately 37 particles/m* accumulated in the
chest region of the medical staff. A high particle accumulation is also observed at the gap between the
staft’s legs due to the stagnant airflow.
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