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Abstract

Several studies have linked nosocomial transmission of airborne diseases to airflow in healthcare settings. Quasi-experimental
methods are developed to observe the aerodynamic transport behavior of synthetic respiratory particles in the corridors of
an actual hospital. Computational models are then developed to validate the experimental results and to explore the spatial
relationships of supply—exhaust air ventilation under various ventilation rates in patient corridors. This work aims to study
the effect of ventilation rate and arrangement on the containment and removal of airborne contaminates in patient corridors.
Results suggest that distribution of bio-aerosols in hospital corridors could be exacerbated by introducing higher ventilation
rates. Increasing ventilation rate appears to reduce aerosol concentrations; however, depending on release point and ventilation
arrangement, the reduction may not be worth the extra cost of ventilation. Modified supply—exhaust air system configura-
tions could reduce average particle concentration up to 30% and transport distance more than 60% without increasing air
change rate. Best results were obtained by placing an air outlet grille between each two supply air intakes along the corridor.

Keywords Ventilation - Hospital design - Infection control - Computational fluid dynamics

Introduction

Economic burden of healthcare associated infections (HAIs)
is estimated to be $28-$45 billion per year (Stone 2009).
Although the burden is very expensive, it is deemed to be
preventable (Centers for Disease Control and Prevention
2016). Nonetheless, the costs have increased with more
infectious agents developing drug resistance over time
(Brady 2005). More than 70% of the bacteria that contribute
to HAI are resistant to antibiotics (Marschall et al. 2008).
For example, two meta-analyses have shown a significant
burden increase when compared methicillin-resistant and
methicillin-susceptible Staphylococcus aureus (Whitby et al.
2001; Cosgrove et al. 2003). Thus, seeking a preemptive
solution to alleviate HAI has gained considerable attraction.
Engineering solutions could be leveraged to dilute, remove,
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and disinfect pathogenic microorganisms. The role of ven-
tilation has been emphasized by various agencies to con-
trol the spread of infection in hospital premises (AIA 2006;
WHO 2007; ASHRAE Standard 170 2013). Contamination
in hospitals could be controlled by the ventilation system
through providing clean air, installing proper filters, and dis-
infectants (Aliabadi et al. 2011). In response, organizations
such as the American Society of Heating, Refrigerating, and
Air-Conditioning Engineers (ASHRAE) have developed
standards for minimum ventilation rates that are deemed to
affect the spread of viable pathogens (ASHRAE Standard
170 2013).

Implementing ASHRAE requirements significantly
changes the energy consumption rates in healthcare facili-
ties (Grosskopf and Mousavi 2014). Large energy con-
sumption is another serious issue in healthcare facilities
that, indeed, ensues from the prevention of HAIs. Unlike
residential and office buildings, hospital heating, ventilation,
and air-conditioning (HVAC) system is generally not ‘load’
driven, but is predicated on providing adequate ventilation
air to maintain a wide range of pressure relationships and air
change rates (Mousavi and Grosskopf 2015). The adequacy
of these requirements has been extensively investigated in
many space functions such as operating rooms (McNeill
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et al. 2013; Sadrizadeh et al. 2014), airborne infection iso-
lation room (Rydock and Eian 2004; Mousavi and Grosskopf
2015), and protective environments (Humphreys 2004).
However, evidence of the like is very scarce for patient cor-
ridors. Beggs et al. (2010) investigated the risk of airborne
infection transmission in hospital waiting areas (Beggs et al.
2010). Using stochastic Monte Carlo techniques and assum-
ing a well-mixed condition, the spread of TB, influenza, and
measles was studied, and the risk of infection was calculated
primarily as a function of exposure time. The conclusion
was that with four (4) air change rates (ACH), the risk of
acquiring a disease is truly negligible, while it becomes
more pronounced when the duration of stay is doubled. It
has been shown, however, that the concentration of patho-
gens is higher near the source and exhaust fans (Tung et al.
2009; Mousavi and Grosskopf 2016).

Corridors are unique space functions in the hospital.
Operating rooms and other high risk environments are
accessed from the corridor where mixing of air could result
in infection transmission (Villafruela et al. 2016). Further,
unlike a typical care unit, the source of infection is gener-
ally unknown and is not stationary. Research-based evidence
to quantify engineering parameters (e.g., ventilation rate,
etc.) in corridors is scarce and inconclusive (Li et al. 2007).
Although many studies have observed a trend between ven-
tilation rate and space cleanliness, the real relation and the
attributed mechanisms have still remained ambiguous (Sun-
dell et al. 2011). This study aims at testing the recommen-
dations made by current codes relative to airborne particle
dissemination within patient corridors. Specifically, the fol-
lowing questions will be addressed:

1. How does ventilation rate influence the concentrations
and distributions of airborne particles within patient cor-
ridors?

2. What is the impact of ventilation arrangement on air-
borne particle dissemination for a given ventilation rate?
In other words, how can engineers control the move-
ments of airborne particles via altering inlet/outlet
arrangements as opposed to increasing ventilation rate
(i.e., more energy)?

As aresult, a series of experiments were designed and con-
ducted in the patient corridors of an actual hospital in the
summer of 2013, Florida, USA (Mousavi and Grosskopf
2014). Computational fluid dynamics (CFD) models were
consequently developed to simulate the experiments and
provide more depth and breadth to the knowledge about
contaminant spread in patient corridors. This study aims to
answer the above-mentioned research questions by defining
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new ventilation design scenarios and testing them with vali-
dated CFD models.

Materials and methods
Experimental setup

To address the research questions, a series of experiments
were conducted in the corridors of an actual hospital (Fig. 1).
An oil-based substance (polyalphaolefin), with a specific
density of 0.85, was aerosolized outside the 2.5-m-wide and
35.0-m-long corridor, at the entrance of the ward. Counts
of 1.0-um particles were measured in 3.0-m intervals along
the two sides of the corridor and in three different heights,
leading to six data points at the surface normal to the length
of the hallway (x-axis). NUCON F-1000-DD forward light
scattering photometric aerosol detectors were used to meas-
ure particle counts every 40 s for 3 h. The size of 1 pm
was selected for three reasons: (1) Studies show that this
size is the most difficult size to be captured and removed
via the filtration system (Nazaroff 2016). (2) The movement
behavior of 1 pm particles is very complex as it has a mix
of submicron particles (moving with the streamlines of air)
and larger particles that are highly affected by gravity (Lai
2002). (3) A wide range of harmful bacteria and viruses are
found in the range of 1.0 pm (Memarzadeh 2011). A variable
frequency drive (VDF) system controlled the airflow balance
of the corridor by providing 4 ACH at its maximum capacity
(60 Hz). The VDF was manipulated to reduce the ACH to
half the maximum capacity (2 ACH), and the same test pro-
cedure was repeated. Experimental results were mainly used
to validate the computer models, and more discussion can
be found in a previous publications (Mousavi and Grosskopf
2014, 2018).

Computational scenarios

CFD models were constructed for four different ventila-
tion rates. The rationale for choosing these ventilation rates
was to investigate the current (2 ACH) and former (4 ACH)
ASHRAE Standard 170 recommendations (ASHRAE Stand-
ard 170 2013). One value between the two recommended
rates and one value beyond them were also selected. To rep-
licate the experimental procedure, particles were released
outside the ward behind the main entrance. However, an
inside release point located 14 m away from the entrance,
underneath the supply diffuser, was also studied. The release
points were located in the middle of the hallways and 0.8 m
above the floor. To address Research Question 2, a modified
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Fig. 1 Experimental setup, ventilation arrangement, and boundary conditions

ventilation arrangement was proposed by rearranging the
exhaust fans to provide a uniform air distribution system
(Mousavi and Grosskopf 2018). The idea behind the pro-
posed rearrangement was to (1) place an air outlet between
each two supply diffusers in the corridor; and (2) avoid plac-
ing air outlets (exhaust) near the doorway as it may drag air

from the outside of the ward (Fig. 2). Between the existing
(EXT) and modified (MOD) ventilation arrangements and
particle release inside (INS) and outside (OUT), compu-
tational scenarios consist of four cases: Case 1: EXT and
OUT; Case 2: MOD and OUT; Case 3: EXT and INS; and
Case 4: MOD and INS.
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Fig.2 Modified ventilation arrangement, aerosol release locations
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Model development

ANSYS Fluent 15.0R was used to construct the computa-
tional models. Extensive discussions on the fundamental
equations and solution approach of CFD models can be
found in (Srebric and Chen 2002a; Norton and Sun 2006;
Tu et al. 2018). The first series of CFD models were con-
structed to simulate experimental procedures. Sections of
the corridors from the main door up to the nurse station
area were modeled. Model geometries replicated those of
the actual hospital. Supply diffusers and exhaust fans were
placed according to the mechanical plan. Infiltration and
exfiltration from the patient rooms and ancillary spaces were
neglected. Simulations were isothermal due to the absence
of heat sources in the unoccupied hospital. Also, radiation
heat transfer was not factored in since the corridors were not
exposed to direct sun light. Models were solved assuming
the steady-state condition since there was no time depend-
ence in the variables. Four types of boundary conditions
existed: walls, supply air system (velocity inlet), air exhaust
system (flow outlet), and a pressure outlet (Fig. 1). Both
the normal and tangential components of the velocity field
were set to be zero at walls. The log-law was implemented
in the viscous sublayer as well as the buffer layer. Airflow
rates and the diffuser size were adopted from the experi-
ments (Table 1).

The realizable K-& was used to model turbulence as sev-
eral previous works have suggested that it is appropriate for
airflow modeling in enclosed spaces. Interested readers can
refer to (Novoselac and Srebric 2002; Lin et al. 2012; Sad-
rizadeh and Holmberg 2016) for excellent discussion about
indoor air turbulence. Results of the duct traverse measure-
ments show that the turbulence level at the inlet bounda-
ries was 10%. This is consistent with findings in previous
studies (Turan and Azad 1993). The realizable K — ¢ is con-
sidered a Reynold-averaged-Navier—Stokes (RANS) model
where average turbulence fluctuations are attributed to the
total kinetic energy of the flow (White 2000). The SIMPLE

Table 1 Boundary conditions for CFD models for various ventilation
rates

Boundary Size Flow rates (m>/s) at boundaries

Name (mXm)
2.0ACH 3.0ACH 4.0 ACH 5.0 ACH
Exhaust 0.2x0.2 0.051 0.098 0.126 0.145
fans
Supply A 0.3x0.3 0.038 0.059 0.083 0.094
Supply B 0.6x0.6 0.076 0.119 0.165 0.189
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algorithm was utilized to iterate toward the solution. The
number of iterations was initially set to 2500. However, con-
vergence was achieved after approximately 1900 iterations.
A second-order upwind scheme was used to approximate the
first and second derivatives.

Supply air contaminant level was zero since it was 100%
outdoor air. The box method was used to model the dif-
fusers (Srebric and Chen 2002b). Air was removed from
the space and through the exhaust system by the same
mass flow rate measured in the experiments. Particles were
presumed to escape from the exhaust fans (removal). The
Eulerian—Lagrangian method was selected to model parti-
cle movements within the corridors. In addition to the drag
force and gravity, the Brownian force, Saffman’s lift force,
virtual mass force, and the pressure gradient force were also
considered. However, Zhao et al. (2004a, b) show that the
effect of last two forces is proportional to the ratio of air
density to particle density (= 107%). The Cunningham slip
correction factor was applied since the relative velocity may
not be zero at the surface of small particles. Particles were
presumed to ‘trap” when colliding with solid surfaces (e.g.,
walls and ceilings). Interested readers can find excellent dis-
cussions about the Lagrangian approach, its application, and
numerical calculations (Zhao et al. 2004b; Chen and Zhao
2010; Wang et al. 2012).

Corrections were made to control the effect of the veloc-
ity fluctuations (d) in the direction normal to the wall as
suggested by Matida et al. (2000). The discrete random walk
(DRW) model with 500 number of tries was employed as the
stochastic tracking scheme. Hathway et al. (2011) showed
that using the DRW model improves the accuracy of depo-
sition in the model. Particle generation rate (1.0 g/min at
0.4 L/s airflow rate) and properties (e.g., density) were
adopted from the experiments.

Mesh assessment and model validation

A mesh refinement process continued until the volume-aver-
aged velocity across the model became independent of the
grid size. This resulted in approximately 3.34 x 10° cells in
a tetrahedral meshing scheme with an element volume range
from 1.13x 1078 m® to 1.25x 10~ m>. The maximum aspect
ratio and the minimum orthogonal quality were 2.3667 and
0.20264, respectively. Iterations continued until the normal-
ized residuals for velocity and turbulence components fell
below 107 Specifically, the largest normalized residual
belonged to the continuity equation (9.2 X 1073) where other
fundamental equations (conservation of momentum in three
directions, and K-¢ variables) were generally much smaller
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Fig. 3 Computer model validation with experimental results

Table 2 Statistical analysis of model validation

Paired ¢ test Data linearization results

Slope Intercept
Ventilation  p value Model 95% CI Model 95% CI range
rate range
2 ACH 0.781 —4.69 [-5.01, 1.29  [-1.40,5.54]
—1.52]
4 ACH 0.103  —-6.19 [-6.68, 393 [1.64,7.21]
—4.37]

(e.g., 107%). Accordingly, the smallest under-relaxation
parameter was applied to the continuity equation (y=0.55).
This parameter for the conservation of momentum equa-
tions was 0.8, and no relaxation parameter was applied to
the turbulent variables.

Since data were collected at six points (three heights and
two sides) at every sampling station across the length of the
hallway, the average concentration, as well as the standard
error of the experimental data, was calculated with respect
to the distance (x) from entrance. Next, results of the CFD
models were compared against the experimental outcomes
(EXP). To that end, both clusters of data were normalized
by dividing the average concentration (C,,.) at the sam-
pling point by the concentration at the entrance (Cy). The
normalized concentration (C*) of the 2 ACH and 4 ACH
CFD models were validated against the experimental results
(Fig. 3). The fluctuations of the experimental data can be due
to confounding variables such as turbulence intensity at the
air inlets, slight variations in particle generation, and noise
in data collection.

C*=C/Cyp

4 ACH

30
Distance (m)

- - EXP —CFD

Two different approaches were used to address the simi-
larity of EXP and CFD results. In addition to the paired ¢
test, data linearization was utilized to assure that non-nor-
mality of the data did not produce p-type error (i.e., rejecting
the null hypothesis while it is true). The data were linearized
by taking the natural logarithm of the dependent variable,
and a linear function was fitted to it. The slope and intercept
of the line were calculated with 95% confidence level. Simi-
larity of the data clusters was accepted if the CFD trend line
fell into the range of experimental results (Table 2).

Statistical analysis

In order to better characterize the dispersion of particles, a
number of statistical metrics were defined:

e BZ(%) was defined as the fraction of particles residing
within the breathing zone of occupants [0.8—1.8 m]. This
metric showed the vertical distribution of particles.

¢ DR (%) was the distance from source that contained 90%
of particles divided by the total length of the hallway
(35 m). This metric indicated the lateral spread of parti-
cles.

e DS (m) or distance from source was the mean average of
particles from the release point, and it was in an indica-
tive of lateral distribution. DS demonstrates how much,
on average, particles could deviate from the release point.

In addition to the above metric, the standard deviation (5),
skewness (g), and kurtosis (f) of particle distributions, as
well as the total distance (m) each particle travelled before
its final fate, were also calculated and analyzed.

]
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Table 3 Average concentrations versus ventilation rate for all cases

Case Release point Concentrations (gr/m?)

2.0ACH 3.0ACH 4.0ACH 5.0ACH
Case 1  Outside 0.0113  0.0097  0.0096  0.0087
Case2  Outside 0.0111  0.0082  0.0077  0.0050
Change Change —-18% —154% —-198% —42.5%
Case3  Inside 1.26 0.86 0.45 0.34
Case4 Inside 0.76 0.37 0.14 0.12
Change Change -397% —-570% —-689% —64.7%

Results and discussion

Changes in the ventilation rate and arrangement influenced
the concentrations and distributions of particles indepen-
dently. The data for cases 1 and 2 showed that a small frac-
tion of particles was able to migrate into the corridor and
concentrations decreased linearly relative to ventilation rate.
The decline, however, was more pronounced for the modified
arrangement, suggesting that modifications were successful
in particle removal. Expectedly, the average concentration

3.5
3.0
2.5
2.0
1.5

1.0

Concentration (g/m?)

0.5

0.0

Distance (m)
-3.0ACH ——4.0ACH

——2.0ACH = -:=3.0ACH =——4.0ACH - 5.0 ACH

increased when particles were released inside the corridor
(cases 3 and 4) by two orders of magnitude.

Concentrations

Particle concentration peaked near the release point and then
decreased relative to distance. However, unlike the release
outside cases, the trend was no longer linear and the average
concentration changed exponentially relative to ventilation
rate.

In addition, the effect of modifications on the concen-
tration of particles became more considerable for higher
ventilation rates, suggesting that a better arrangement could
justify an increase in ventilation rate (Table 3). Concentra-
tions of particles declined considerably by rearranging the
exhaust fans when particles were released inside (Fig. 4).

Under the existing ventilation arrangement, 2ACH did not
provide sufficient flow rate to drag the particles toward the
nursing station area and the Brownian motion of particles
was the dominant transport mechanism. Since the release
occurred right underneath the supply diffuser, particles were
forced to the sides swiftly and moved toward the nearest
exhaust fans. Particle concentrations decreased when higher

3.5
3.0
2.5
2.0
1.5

1.0

Concentration (g/m?)

0.5

0.0

Distance (m)
-3.0ACH ——4.0ACH

——2.0ACH =-<-3.0ACH =——4.0ACH - 5.0 ACH

Fig.4 Particle concentrations for various ACH, release inside (x= 14 m), existing arrangement (left), and modified arrangement (right)

Table 4 Distribution parameters

N Ventilation rate
versus ventilation rate, release

Case 1 (existing arrangement)

Case 2 (modified arrangement)

outside (x=0 m), cases 1 and 2 BZ DS DR BZ DS DR
Units (%) (m) (%) (%) (m) (%)
2ACH 18.5 0.148 39 22.3 0.084 24
3ACH 19.3 0.107 27 21.7 0.069 19
4ACH 27.5 0.125 35 25.6 0.070 16
SACH 26.1% 0.118 36 23.8 0.056 15
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Table 5 Distribution parameters

- o Ventilation rate Breathing (%) Lateral distribution Distance (m)
relative to ventilation rate, case
3, existing arrangement DS (m) o g p DR (%)
2ACH 25.7 1.18 4.87 0.06 0.56 48 20.9
3ACH 32.7 1.90 5.86 0.57 0.82 54 28.6
4ACH 29.8 1.25 5.52 0.6 0.91 56 31.3
5ACH 29.3 0.64 5.22 0.76 1.28 51 26.4

flow rates were introduced. Although in a smaller ampli-
tude, particle concentrations peaked at the whereabouts of
the new exhaust fans (x=11 m and x= 19 m) for the modi-
fied arrangement.

Distributions

Particle distribution parameters were studied relative to ven-
tilation rate for all four cases. The average height of particles
was determined by the balance between gravitational settling
and the drag force. Since gravity was constant, higher venti-
lation rates yielded to a larger number of particles within the
breathing zone (BZ). Although by increasing the flow rates
over 3 ACH, the removal process became effective, such that

1600 ¢m)

the breathing zone concentration decreased. Data suggested
that, when releasing outside, the increase in flow rates did
not result in a better distribution of particles. In fact, despite
using more energy, particles were scattered within the hall-
way and remained suspended even indefinitely (Table 4).

When particles were released inside and for the exist-
ing arrangement (Case 3), the average height of particles
increased for higher rates. Accordingly, more particles were
in the breathing zone range at higher rates, suggesting that
higher flow rates may enhance particle suspension. Con-
tainment was not fully achieved given the relatively large
dispersion ratios (Table 5).

Only 25% of particles were removed through the ven-
tilation system under the 2ACH ventilation rate. This was

1000 )
1

Fig.5 Particle concentration and distribution versus ventilation rate; existing arrangement
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mainly because of insufficient flow rates at the exhaust fans.
The removal was increased with ventilation rate, though dis-
proportionately. It should also be noted that particles were
drawn to exhaust fans #2 and #3 when the flow rate was
increased.

Improvements were obtained upon modifying the ven-
tilation arrangement (Case 4). For instance, 47% of parti-
cles were removed through the modified ventilation system
under 2ACH. This was nearly twice the corresponding value
under the existing arrangement. Increasing ventilation rate,
however, did not necessarily enhance the removal process
mainly because particles with higher velocities were prone
to deposit more easily. In all ventilation rates, particles were
removed by the exhaust fans that were closer to the source.
Admittedly, by entraining more air, particles migrated fur-
ther and eventually removed by the farther exhaust fans.
Thus, the removal rate for exhaust fans #3 and #7 increased
for higher ventilation rates (i.e., 4ACH and 5ACH), whereas
most of the particles were removed by exhaust fan #8 under
lower rates (i.e., 2ACH and 3ACH). Figure 2 illustrates the
location of these exhaust fans.

As suggested by data, a proper design of exhaust—sup-
ply ventilation configuration may result in considerable
improvements in particle containment and removal. All dis-
tribution parameters greatly improved upon modifying the
ventilation arrangement. Considering the outcomes of this
work, increasing ventilation rate is not necessarily a remedy
to contaminant spread in hospital corridors. Instead, a pre-
meditated and efficient design can culminate in favorable
results without consuming more energy.

Conclusion

This work is designed to address the issue of airborne infection
in hospital corridors. Specifically, questions are asked con-
cerning ventilation arrangement and ventilation rates where
a minimum ventilation rate is required in patient corridors by
current codes. Both concentrations and distributions of air-
borne particles are affected by the flow rates at boundaries.
Concentrations of a contaminant decrease when more air is
entrained into the space. This, however, comes with a price.
Results suggest that the ventilation rates depend on the source
position. If released outside the corridor, 2ACH is effective
and increasing the ventilation rate has little effect on particle
concentrations, while 4ACH seems to be optimum for an inter-
nal source. In both cases, the modified arrangements return
better results to the extent that the average concentration of
particles under 2ACH and modified arrangement was compa-
rable to that of 4ACH under the existing arrangement.
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These findings are consistent with the literature. However,
previous studies are mostly performed under the well-mixed
condition where the contaminants are assumed to have a uni-
form concentration in the space (Beggs et al. 2010). While
this paper further investigates the distribution of contaminants
with respect to ventilation design, the results pertaining to the
distribution of particles are clear-cut. Lower ventilation rates
produce less perturbations and cause better containment. By
increasing flow rates, and consequently air velocity, particles
tend to move farther and faster (Fig. 5). The modified arrange-
ment enhances the removal process through ventilation system
and mitigates particle distributions. Thus, 2ACH demonstrates
to have caused distributions that are more desirable with less
risk of particle transmission.

This study produced several interesting results; however,
it also has some limitations. First, air motion in hospital cor-
ridors might be affected by people and equipment movements.
These movements have not been accounted for in this study.
The rationale was that, movements of people and equipment
are random and independent from the ventilation rate. Thus,
similar movements, with similar outcomes, are likely to hap-
pen under each case. Second, a source of infection can be pre-
sent at any point in the corridor, with a likelihood distribution.
Placing the internal source right underneath the supply diffuser
may result in the most unfavorable outcome. The reason is
that when air is directly blowing to the source, air moves with
high velocities in the vicinity of the source. Higher velocity
gradients carry particles farther from the source. To a degree,
this study analyzes a worst-case scenario pertaining to source
location, to provide a better insight into the problem.
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