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1. Introduction

Abstract. Surgical Site Infection (SSI) is one of the most important infectious problems
in hospitals, which may happen in 2.6% of all surgeries. According to the literature, the
primary source of SSI is the flakes released from the exposed skin of surgical staff or patients.
It is well known that appropriate ventilation strategy is the most effective way to control
bacteria-carrying airborne particles responsible for SSI. In this research, the effect of the
most dominant design parameter, namely inlet air velocity, on the performance of Ultra-
Clean Ventilation (UCV) systems is evaluated in detail using the Computational Fluid
Dynamics (CFD). The results showed an optimum value for the inlet air velocity, which
was mainly due to formation of a thermal plume over the wound tissue. This thermal plume
protected the wound from contaminants deposition like a shield and might be disturbed
at too high inlet air velocity. In addition, the effect of critical factors including particle
size, wound temperature, operating lights boundary condition, and existence of fixed and
removable partitions on the optimum inlet air velocity was investigated and is extensively
discussed in this article.

(© 2019 Sharif University of Technology. All rights reserved.

in 1980 [3], which rose to $5000 in 1999 [2]. In addition
to such a rapid growth rate, the digits show that SSI

Surgical Site Infection (SSI) is one of the most im-
portant and potentially protectable causes of remedy
duration increment and even death of the patients.
According to the reports of the Center for Disease
Control (CDC), SSI is the third most usual (14-16%)
nosocomial infection [1] and 2.6% of all surgeries lead
to SSI [2]. It is obvious that the risk of SSI is greatly
more during deep surgeries such as joint replacement.
The additional cost of SSI approximated $2000 per case
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imposes direct cost of approximately $3.5 billion per
year on the US healthcare industry [4].

It is well known that the most common pathogen
causing SSI is Staphylococcus aureus, which is re-
sponsible for 48% of all cases [2]. Staphylococcus
aureus is a spherical bacterium naturally found in the
normal human skin, of which the resultant infections
have become more challenging in the recent decades
with the recognition of several antibiotic-persistent
strands of bacteria [4]. According to the literature, the
primary source of Staphylococcus aureus is the flakes
or squames, which are released from the exposed skin
of surgical staff or patients [5]. These particles are 25 m
in diameter and 3-5 pm in thickness. It is estimated
that during two to four hours of surgery, 1.15 to 90
million flakes are released [6], among which typically
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5-10% carry bacteria [7]. A surgeon, bending over a
patient, may be a source of as many as 1000 airborne
particles per minute [8] and closeness of the surgical
staff to the operating table increases the risk of wound
contamination in turn.

The risk of SSI depends on several factors,
including patient (susceptibility to infection), staff
(practices), operating room (cleanliness), and HVAC
system (ACH and airflow pattern) [9]; their inter-
action is shown in Figure 1 more extensively [10].
Although health professionals have successfully used
various techniques to prevent the surgical wound from
infection, e.g., sterilizing, practicing on the staff, using
antibiotics, and developing Minimum Invasive Surgery
(MIS) methods, SSI still occurs. Woods et al. [5)
categorized the sources of wound infection into (1)
patient, (2) non-sterilized instruments, and (3) air-
borne bacteria. It is believed that the major number
of SSI cases are due to airborne bacterial particles,
which may be minimized using an optimum ventilation
strategy. Application of an appropriate ventilation
system is well known as the most effective way to
control harmful microbiological agents responsible for
SSI. The reason for this idea is that plausible evidences
have shown considerable reduction in the number of
postoperative SSIs after the application of cleanroom
technology to operating rooms in 60s [11]. Field studies
of Lidwell et al. [12], Charnley [13], and Ferrazzi et
al. [14] on joint replacement, hip replacement, and
cardiac surgeries, respectively, showed approximately
50% improvement in the wound infection control using
a proper ventilation airflow pattern.

Classification of the operating room ventilation
systems is almost the same as the cleanroom ones [15]:
(1) conventional and (2) unidirectional or laminar.
Laminar systems, which are also known as Ultra-Clean

Ventilation (UCV) systems, according to NHS [16],
provide a protected area for both the patient and
the surgical team. Using a UCV system, the air-
borne bacteria transmission from less clean to more
clean areas becomes minimized. As a consequence,
it is recommended that any surgical procedure which
deals with subcutaneous tissues or internal organs be
performed in an operating room equipped with such
systems [17]. It is well recognized that a downward
unidirectional flow provides the most effective airflow
pattern in UCV systems [16]. However, this configura-
tion has some disadvantages, the major one being that
the flow may be easily disturbed by upstream obstacles,
especially surgical lights [18]. As a result, some other
configurations such as horizontal [19], diagonal [20],
trumpet-shaped [4], exponential [21], and local [22]
have also been presented during the years, which
may be preferable to the vertical pattern in specific
situations [23].

Since the early 90s, with considerable improve-
ment in the computational capacity of computers,
Computational Fluid Dynamics (CFD) techniques have
become powerful tools for engineering design, including
investigation into the Indoor Air Quality (IAQ) [24].
Generally, flow characteristics in an operating room de-
pend on the supply inlets/return outlets configuration,
the ventilation airflow rate, and the effect of obstacles
such as surgical luminaries. It is generally agreed that
the location of return outlets is not as important as
that of the supply inlets [25-27]. Memarzadeh and
Manning [9] suggested that using mixed high-low level
outlets might lead to a better airflow distribution;
however, the differences were not significant enough to
make low-or high-level systems unreliable. Although
supply inlets arrangement has a considerable effect on
the airflow pattern and the Indoor Air Quality (TAQ) in
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Figure 1. Interaction of the factors participating in the risk of SSI [10].
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conventionally ventilated cleanrooms [26,27], it seems
that there is no concern for this issue in a UCV system,
provided that the unidirectional zone covers all the
operating site and the surgical team. As one of the
pioneers in this area, Chen et al. [25] investigated the
contaminant concentration and the draught risk in an
operating room through Eulerian-Fulerian numerical
approach. They concluded that increasing the venti-
lation airflow rate would lead to a better air quality.
Later, this conclusion was also reported by some other
researchers [28]. It is noteworthy that this result is
contrary to some experimental evidences proving that
sometimes the ventilation airflow increment has no [29]
or even negative effect [30] on the wound infection rate.
It is believed that this inconsistency is mainly due to
using Eulerian point of view in describing the trans-
mission of bacterial particles. As mentioned previously,
bacteria-carrying skin flakes are approximately 10 pym
in diameter. In this size, particles are not in hydro-
dynamic equilibrium with the airflow [31] and thus,
Fulerian approach cannot reflect all the aspects of the
behavior of particles. Memarzadeh and Manning [32] in
National Institute of Health (NIH) conducted extensive
numerical studies to investigate the effect of operating
room ventilation system on reducing the risk of surgery.
Using a Eulerian-Lagrangian code, they concluded that
the indoor air pattern was more important than the
airflow ventilation rate to prevent the wound from
infection. They found that for laminar airflow systems,
there was an optimum value for the inlet air velocity,
namely 0.15 m/s, over which the particles deposition
on the wound increased due to break of the protecting
wound thermal plume [9]. Based on this result, which
has also been stated by Rui et al. [33] and supported
by the previous field studies [29,30], although the
ventilation airflow increment leads to less contaminant
concentration in the operating room, it does not
necessarily decrease wound infection. Despite the fact
that the results of Memarzadeh and Manning [9] are
the basis for ASHRAE recommendations [34], it seems
that the optimum inlet air velocity is not thoroughly
unique. They proposed the optimum velocity near
0.15m/s, but other researchers have reported somehow
different values [15,33,35], which may be due to some
discrepancies in other design parameters.

In addition to the flow pattern and the inlet air
velocity, the previous research studies have shown that
openings [36] and the configuration of internal obstacles
may affect the indoor airflow in operating rooms. The
main obstacles around a patient are surgical staff and
operating luminaries, which may influence the infection
risk. During the recent years, some studies have been
performed, mainly by Sadrizadeh et al., to investigate
the effect of the number of staff members [37], their
clothing [38], their position [39], and their move-
ment [40] on the airflow pattern and the dispersion

of airborne particles in surgical theaters. Recently,
Zoon [41] compared the effect of three operating lamp
types on the flow field in a typical surgical room using
the laminar flow index, numerically. However, they did
not provide any clear recommendation regarding the
effect of the light location, which may be as important
as its type.

In this research, the airflow pattern in an oper-
ating room equipped with a UCV system is studied
in detail and the effect of important factors, e.g., the
operating lights boundary conditions, on the optimum
inlet air velocity is evaluated. This investigation and
its results are useful in getting a better understanding
of the airflow pattern over the operating rooms and in
developing more effective ventilation strategies.

2. Numerical modeling

2.1. Geometry

Figure 2 shows a schematic of the operating room
model. It has an area of 37 m?, which is common
around the world, including Iran [42]. Since the main
geometric features of operating rooms are almost the
same, far more or less, arrangement of the operating
staff, the equipment, and the patient is done in ac-
cordance with DIN 4799 [43]. Due to the complex
geometry of the model, a tetrahedral unstructured
mesh is used to discretize the computational domain.
The primary study shows that 1.8 x 10° cells are
sufficient to guarantee the independency of the results
from the number of grids and the mesh should be
denser in the ultra-clean area, where the gradients are
predicted to be higher.

2.2. Governing equations
For an incompressible flow, Reynolds-averaged govern-
ing equations are [44]:

Mass equation:

u; ; = 0. (1)
Momentum equation:

pusi ;= =Pt (i j—puil) +pgB(T~Tw). (2)
Energy equation:

peyu; T = (kT = pe,T') (3)

where the buoyancy force is estimated using Boussinesq
model and the viscous dissipation term is neglected in
the energy equation. Reynolds stresses, puju’, and
Reynolds heat fluxes, pcpm, rise from turbulent
fluctuations and should be estimated through an ap-
propriate turbulence model. Among many turbulence

models, which have been presented through the years,
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1. Anesthesia machine: 0.5 X 0.3 X 1.2 m; 2. Monitor: 0.5 X 0.3 X 1.6 m;

3. Instrument table: 0.5 x 0.3 x 1.1 m; 4. Operating table: 1.9 x 0.5 X 0.85 m;
5. Surgical wound: 0.3 X 0.3 m [9]; 6. Staffs (for dimensions refer to [43]);

7. UCV system inlet: 2.8 X 2.8 m [16]; 8. UCV system outlets: 0.6 X 0.3 m;

9. Operating room: 6.3 X 6.3 X 3 m [42].

Figure 2. Geometric specifications of the operating room model. For standard distance refer to [43].

Boussinesq hypothesis-based k-¢ family models are
very popular for industrial applications due to their
simplicity, stability, and acceptable results [44]. In the
middle of the 90s, Chen [45] compared 5 most common
k-¢ models and recommended RNG k-¢ one for simu-
lating the indoor airflows, although the standard model
also gave acceptable results. During the past decades,
most of the researchers have used the standard [9,46]
or RNG k-¢ [46,47] model and few studies, which
were conducted using other models [48-50], did not
report a significant preference. In the present study,
the momentum equations are closed using RNG k-¢
turbulence model and, as the model fails in the near-
wall region, the standard wall function is implemented
to resolve the problem [44]. The governing equations
are solved on a collocated grid using ANSYS FLUENT
12.1 [51] as a solver. Pressure-velocity coupling is
established through SIMPLE [52] algorithm and the
convection terms are discretized using second-order
upwind scheme, which has an acceptable accuracy in
the indoor airflow modeling [53].

It is almost well known that the Eulerian-Eulerian
approach is not suitable to study the motion of bac-
terial airborne particles due to their relatively large
size [9]. Using Lagrangian approach, the particle
motion equation becomes [54]:

du?

1
dtl = ;(Ui —ul) + gi +ni(t), (4)

where g; and n; are the gravity and Brownian forces,

respectively, and 7, the particle relaxation time, is
defined as:

Sd2C.,
T= e, (5)

where S is the particle to fluid density ratio and
Cunningham slip correction factor, C., is implemented
to compensate for the non-continuum effects:

1.1
C.=1+K, [1.257 + 0.4 exp ( — )} , (6)
Kn
where Knudsen number is:
I{n = 7 7
T (7)

and A is the air mean free path, which equals 68 nm in
the normal conditions. Other forces, such as Saffman’s
lift force, are negligible due to the relatively large size
of the investigated particles.

As the turbulence diffusion is one of the most
important features of the indoor airflow, its accurate
estimation is necessary for predicting the particle
trajectory. In this study, the Discrete Random Walk
(DRW) model [51] is used, which simulates the turbu-
lent fluctuating velocity components as:

ul = Gy/u? (8)

(2 (2
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where G is a white noise random number and {/u}’
is the Root Mean Square (RMS) of the fluctuating
velocity components. For the k-¢ turbulence models,
the RMS components are the same and equal to 2/3 k.

To evaluate the appropriate time to update the
random number G, the eddy lifetime and the particle
crossing time concepts are used. The characteristic
lifetime of the turbulent energy containing eddies is
defined as a constant:

Te = 2TL7 (9)

where 77 is the turbulent Lagrangian time scale and
for the k-¢ turbulence models, it can be estimated as:

T, = 0.15%. (10)
g

The particle eddy crossing time, that is, the time a
particle needs to pass across an eddy, is defined as:

L6)7 (11)

T7.=—7In(1—
Tlu — wp)

where L. is the eddy length scale and for the k-=

turbulence models, it can be approximated by:

k3/2
L.=0.16—. (12)
9

The particle is assumed to interact with eddies over
the smaller values of 7. and 7. [51]; thus, the random
number, G, should be updated at this time.

2.3. Boundary conditions

The boundary condition at the UCV system inlet is
constant velocity and constant temperature of 300 K;
also, all gradients are assumed to be zero at the
outlets. While no slip boundary condition is almost
always applied to the momentum equations for the
walls, appropriate thermal boundary condition is one
of the most important factors regarding heat source
surfaces. As the power of heat sources is usually
known, constant heat flux is the most common type of
boundary condition on the walls. However, there are
some issues that bring this choice into question. The
total surface area of the modeled source, e.g., a human
manikin, is usually considerably different from the real
one. In addition, the thermal radiation heat transfer
mechanism, e.g., in surgical lights, is usually neglected
in the indoor airflow modeling. Both of the above-
mentioned simplifications lead to surface temperature
in the source and cause the resultant thermal plume
power to be far from the actual value. Accordingly,
if there are some experimental results regarding the
surface temperature of the heat sources, using constant
temperature boundary conditions seems to be more
realistic. In this investigation, constant temperature

of 300 K [18,25] is used for the human (staff and
patient) skin, except at the surgical wound, where
the temperature equals 310 K, i.e., the core body
temperature [9]. In contrast to human skin, there is
not much information about surface temperature of the
surgical lights. However, some previous experimental
studies [55] have shown that it is almost 350 K; this
value is used for the basic simulation and the effect of
the surgical luminary thermal boundary condition on
the results is discussed separately.

The behavior of the particles on the boundaries
is also important for the particle trajectory. As
emphasized by Tian et al. [55] through comparison
between experimental and LES numerical results, the
particles tend to deposit on the floor, but they usually
rebound onto a vertical wall or a ceiling. This behavior
has a considerable effect on the final deposition rate
of the airborne particles. As a particle reaches the
outlets, it is assumed that it exits the computational
domain.

2.4. Validation

To validate the implemented numerical method, the
benchmark of Posner et al. [56], which is widely
accepted for the validation of the research work on
indoor airflow modeling [57], has been used. As shown
in Figure 3, the geometry is a room of 91.4 cm length,
45.7 cm width, and 30.5 cm height. A partition with
the length of 45.7 cm and height of 15.25 cm divides
the room into two equal parts. The air is supplied
with the velocity of 0.235 m/s from a 10.1 x 10.1 c¢m?
inlet grill at the ceiling of one of the room parts and it
exits through a similar outlet grill at the ceiling of the
other part. In Figure 4, the numerical results of the y-
velocity along line A and the z-velocity along line B are
compared with the experimental data [56]. According
to the results, the present model may predict the indoor
airflow with reasonably good accuracy.

3. Results and discussion

The most important specification of UCV gystems is
the ventilation airflow inlet velocity. As mentioned pre-

Inlet

!
1

Figure 3. Geometric specifications of the validation
model [56] (dimensions are in millimeters).
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Figure 4. Comparison of the simulation results with the experimental data [56]: (a) y-velocity along line A and (b)

z-velocity along line B.
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Figure 5. Effect of ventilation airflow inlet velocity and particle size on the particles deposition: (a) Deposition

percentage and (b) normalized deposition percentage.

viously, there is no unique agreement in the literature
on the optimum value and it, more or less, depends
on geometry of the room. In 2003, Memarzadeh and
Manning [9] found that only particles released close to
the wound may lead to its contamination. As a result,
although some experimental evidences are needed, it
seems that the contaminant source location is not as
important as other parameters in an operating room
equipped with a UCV system. To study the effect
of design parameters on the wound contamination,
particles released uniformly from 0.01 m?® volume over
the wound and the percentage of particles deposition
on the wound are evaluated. The particle specifications
are assumed to be similar to water, as bio-aerosols
are mostly made of water. The primary study shows
that 10° particles are necessary to ensure that the
percentage of deposited particles becomes independent
of the number of released particles.

Figure 5(a) shows the effect of the inlet air
velocity and the size of particles on the percentage
of deposited particles. As depicted in the figure,

the particles deposition is almost independent of the
particle size in the range of 0.1-1.0 ym and increases
rapidly over 1.0 pym due to gravitational sedimentation.
As the Stokes’ number of particles is relatively small,
the impaction effect has no meaningful contribution to
their deposition. In addition, due to relatively large size
of particles, Brownian motion is negligible and the main
deposition mechanisms are only turbulence diffusion
and gravitational sedimentation. Sedimentation effects
vanish rapidly as the particle size goes below 1.0 pm
and the deposition curves become almost the same, as
the turbulence diffusion is independent of the particle
size. The main feature of the deposition curves in
Figure 5(a) is that all show an optimum value for the
inlet velocity to minimize the deposition of particles.
As an interesting result, the optimum inlet velocity is
independent of the particle size. To better evaluate
the optimum value, the particles deposition curves
can be normalized based on the minimum deposition
percentage, as shown in Figure 5(b). The existence
of such an optimum value is due to the formation
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(2)

Figure 6. Effect of ventilation inlet air velocity on the dispersion of 10 um particles after 60 seconds: (a) 0.1 m/s and (b)

0.2 m/s.

of a thermal plume over the wound, which acts as a
protecting shield at low velocities and may be disturbed
when the ventilation airflow inlet velocity goes beyond
an optimum value. As mentioned previously, turbulent
diffusion is the main mechanism to deposit the contam-
inant particles on the wound. The turbulence diffusion
depends not only on the particle concentration, but also
on the average turbulence intensity over the wound.
Consequently, the ventilation airflow should be suffi-
ciently high to remove the particles form the wound and
reduce the particle concentration on it. At the same
time, it should not be too high to destroy the protecting
wound thermal plume and increase the turbulence
intensity level over the wound. Such behavior of the
operating room indoor airflow leads to the existence of
an optimum value for the ventilation air inlet velocity.

The dispersion of 10 um particles after 60 seconds
is illustrated at Figure 6(a) and (b) for the inlet air
velocities of 0.1 m/s and 0.2 m/s, respectively. In

(b)

Figure 7. Effect of inlet air velocity on the z-velocity contours in the operating room: (a) 0.1 m/s and (b) 0.2 m/s.

addition, Figure 7(a) and (b) depict the z-velocity
contours for the operating room. As it is clear in
the figures, increase in the inlet velocity beyond the
optimum value disturbs the wound thermal plume and
increases unfavorable particles deposition, accordingly.
The thermal plume, which is generated by the temper-
ature difference between the wound tissue and the body
skin, forms an upward flow over the wound and protects
it from contaminant airborne particles. Beyond the
optimum inlet velocity, the shielding thermal wound
breaks down and the particles deposition increases,
accordingly, as the released particles may be pushed to
the wound due to the high level of turbulence intensity.

To describe the role of the shielding thermal
plume in protecting the wound from contaminants
more extensively, an evident case is investigated in
which the wound thermal plume has been removed
using 300 K as the wound temperature. The particles
deposition curves of the evident case are compared
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(a)

Figure 9. Indoor airflow specifications in a case without thermal plume at 0.1 m/s inlet air velocity: (a) Dispersion of
10 pm particles after 60 seconds and (b) z-velocity contours in the operating room.

with the basic one in Figure 8. Based on the figure,
the existence of an optimum value for the inlet air
velocity is a direct consequence of the thermal plume
formation over the wound. As depicted in Figure 8,
without any temperature difference between the wound
tissue and the body skin, there is no optimum value
for the inlet air velocity and the ventilation system
performance shows a continuous improvement as the
inlet air velocity increases. The effect of the wound
thermal plume is more sensible at low inlet air velocity
when it acts as a shield to protect the wound from
contaminant particles. At high inlet air velocity,
the thermal plume breaks down and the results are
almost the same in both cases. The effect of the
wound thermal plume may be found out better via the
comparison of Figure 9(a) and (b) with Figures 6 and 7,
respectively. As shown in the figures, the thermal
plume directs the particles outwards the wound and
protects it from deposition of bacteria-carrying flakes.

As discussed previously, UCV systems usually

use a downward airflow pattern. As a result, the
downstream obstacles may influence the optimum inlet
air velocity and the resultant indoor airflow distribu-
tion. It is well known that operating lights, as the
main downstream obstacles in operating rooms, have a
considerable negative effect on the ventilation airflow
pattern due to both hydrodynamic obstruction effect
and generation of a thermal plume. Although the
hydrodynamic obstruction of a light depends only on
its geometry and is almost fixed, the power of the
generated thermal plume is completely coupled with
the light surface thermal boundary condition. It is
very common to use a constant heat flux boundary
condition for the operating lights based on their power
consumption. However, as mentioned previously in the
section on boundary conditions, most of the power used
by the lights is transmitted via radiation mechanism,
which is not normally considered in the indoor air-
flow investigations. Such a simplification in the heat
transfer mechanisms modeling leads to over-prediction
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Figure 10. Effect of the operating luminary boundary condition on the particles deposition: (a) Deposition percentage

and (b) normalized deposition percentage.

of the luminary surface temperature and the resultant
thermal plume.

Luscuere et al. [58] pointed out that the flow
disturbance due to thermal plumes of the lights was
not as important as their obstruction effect. However,
Tinker and Robert [59], via CFD modeling, found out
that the effect of the thermal plumes was thoroughly
dispersed only when the inlet air velocity was over
0.3 m/s. This trend was also supported quantitatively
by the numerical work of Chow and Yang [18,28]. As
the optimum inlet air velocity is considerably lower
than 0.3 m/s, the effect of the thermal plumes of the
operating lights on the operating room indoor airflow
pattern and the resultant wound contamination may
still be considerable.

In Figure 10, the effect of the luminary boundary
condition on the particles deposition is illustrated
for two constant temperature boundary conditions,
namely 350 K and 400 K, and two constant heat flux
boundary conditions, namely 100 W and 200 W. As
depicted in the figure, the operating lights boundary
condition has a considerable effect on the particles
deposition curve, both on the deposition values and
on the optimum inlet air velocity. The negative effect
of the thermal plumes generated over the luminaries is
such strong that it can increase the optimum inlet air
velocity up to 0.14 m/s. The effect of the surgical lights
thermal plume may better be understood by looking
at Figure 11, in which the thermal plume power is
illustrated by z-velocity iso-surfaces. As depicted in the
figure, the plume causes an upward flow over the light,
which may disturb the airflow pattern. To achieve the
best performance, the inlet airflow should have enough
momentum to overcome the upward flow of plumes.
As a consequence, the case in Figure 11(d), which has
the most powerful thermal plume, requires the highest
optimum inlet air velocity, namely 0.14 m/s.

Another upstream obstacle, which may be found
in an operating room, is the ultra-clean area partitions.

{c) (d)

Figure 11. 4+0.1 m/s z-velocity iso-surfaces at 0.1 m/s
inlet air velocity: (a) 350 K, (b) 400 K, (c) 100 W, and (d)
200 W.

The fixed and the removable partitions have been
proposed by NHS [16] as a solution to improving the
UCYV system air quality; however, their effectiveness
has not been evaluated yet in detail. As shown in
Figure 2, the fixed and the removable partitions are
1 m in height and mounted on the ceiling, one after
another, to protect the ultra-clean surgical area. The
fixed partitions may be installed in the operating
room as built, whereas the removable ones are only
applicable after the surgical team settles down in the
operating ultra-clean area. The effect of the partitions
on the particles deposition percentage is illustrated in
Figure 12. As shown in the figure, using the fixed
partition reduces the number of deposited particles,
while it has no effect on the optimum ventilation airflow
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Figure 12. Effect of using fixed and removable partitions on the particles deposition: (a) Deposition percentage and (b)

normalized deposition percentage.

(2)

Figure 13. Indoor airflow specifications in a case with the fixed partition at 0.1 m/s inlet air velocity: (a) Dispersion of
10 pm particles after 60 seconds and (b) z-velocity contours in the operating room.

(a)

(b)

Figure 14. Indoor airflow specifications in a case with both partitions at 0.1 m/s inlet air velocity: (a) Dispersion of 10
wum particles after 60 seconds and (b) z-velocity contours in the operating room.

rate. In contrary, using the removable one may even
lead to increase in the particles deposition rate, which
throws its usefulness into question.

The effect of partitions on the airflow pattern
and the resultant particles deposition may better be

understood by referring to Figures 13 and 14. As
depicted in the figures, the main effect of the partitions
installation is to direct the ventilation airflow toward
the surgical table and to prevent its momentum from
decay due to expansion. However, this effect is not
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strong enough to change the optimum inlet air velocity.
In addition, using the removable partition causes the
inlet ventilation airflow to reach the wound with little
changes and to disturb its protecting thermal plume,
as shown in Figure 14(a). As a result, airborne
particles deposition and wound infection increase in
turn by higher turbulence diffusion. As illustrated
in Figure 13(a), using the fixed partition pushes the
released particles outward the wound by the thermal
plume and the dispersion of particles becomes more
regular than the basic case depicted in Figure 6(a).
By adding the removable one, an extra momentum
imposed by the airflow on the thermal plume makes
it break down and disperse the released particles, as
shown in Figure 14(a).

4. Conclusions

In this research, the effect of UCV system parameters
on the ventilation performance and the risk of wound
infection was investigated, numerically. The results
may be summarized as follows:

1. Due to a relatively small Stokes’ number and large
size of the studied particles, the contribution of the
inertial impaction and Brownian diffusion to the
particles deposition was almost negligible. Accord-
ingly, the main deposition mechanisms were tur-
bulence diffusion and gravitational sedimentation.
However, the effect of the latter rapidly vanished
as the particle size went below 1.0 pm. It can
be concluded that if the deposition percentage of
different particle sizes becomes normalized based
on the minimum value, all deposition curves will
be almost the same;

2. The formation of a thermal plume over the wound,
due to temperature difference between the wound
tissue and the body skin, led to an optimum value
for the inlet air velocity, which minimized the par-
ticles deposition. Over the optimum inlet velocity,
the protecting thermal plume was destroyed and the
particles deposition increased because of the high
level of turbulence intensity near the wound,;

3. The boundary condition of the operating luminaries
had a considerable effect on the optimum inlet
air velocity. Although the constant heat flux is
the most common type of boundary condition for
the indoor heat sources, it may lead to an over-
estimated surface temperature and thermal plume
power by simplifying the geometries and/or neglect-
ing the radiation heat transfer mechanism. Ac-
cording to the results of this study, using different
boundary conditions for the operating lights may
change the optimum inlet velocity in a relatively
vast range from 0.1 to 0.14 m/s;

4. Although using fixed partitions in a UCV system
decreases the particles deposition on the wound and
the resultant infection risk, it has no meaningful
effect on the optimum inlet air velocity. In addition,
the installation of removable partitions showed a
negative effect on the ultra-clean air quality by
increase in the turbulence intensity level near the
wound. As a result, it seems that the removable
partitions should be used cautiously; however, more
experimental and numerical research is needed in
this area.
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