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Kosa Golić and Ana Peric

Received: 28 January 2022

Accepted: 18 April 2022

Published: 19 April 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

sustainability

Article

Research on Airflow Optimization and Infection Risk
Assessment of Medical Cabin of Negative-Pressure Ambulance
Shuwen Zhou and Liwei Zhang *

School of Mechanical Engineering and Automation, Northeastern University, Shenyang 110819, China;
shwzhou@mail.neu.edu.cn
* Correspondence: liweizhang1996@163.com

Abstract: Medical cabins within negative-pressure ambulances currently only use the front air supply,
which causes poor emission of infectious disease droplets. For this problem, based on the classification
and design methods of airflow organization, the side and top supply airflow organization model
has been designed to study the influence of these airflow organization models on the spread of
droplet particles. The distribution of droplet particles within airflow organization models, under
conditions in which the patient is coughing and sneezing, is analyzed. According to the comparison
and analysis of this distribution, the state of droplet particles, the emission efficiency, and the security
coefficient are studied. The response surface method is used to optimize the emission efficiency and
security coefficient of the airflow organization. According to the characteristics of the medical cabin
within negative-pressure ambulances, a dose-response model is used to evaluate the infection risk of
medical personnel and then the infection probability is obtained. These research results can be used
to improve the ability of negative-pressure ambulances to prevent cross-infection.

Keywords: negative-pressure ambulance; movement and diffusion of droplet particles; airflow
organization; response surface analysis; infection risk assessment

1. Introduction

In recent years, human activities and global climate changes have led to the mutation
of viruses and the outbreak of various infectious diseases [1]. At present, Coronavirus
disease 2019 (COVID-19) has ravaged the world since 2019 [2], and is a severe infectious
disease that has posed a serious threat to humans and has become one of the primary forms
of public health emergencies [3]. It endangers the health and safety of people and it affects
economic development and social stability [4].

Health and anti-epidemic experts [5] have emphasized that the main transmission
routes of new coronary pneumonia are direct transmission, aerosol transmission, and
contact transmission [6]. When transporting patients with acute respiratory infectious
diseases, in order to prevent the contagious disease virus exhaled by the patients from
infecting the EMS workers in the vehicle and polluting the environment along the way, the
best choice is to use a negative-pressure ambulance [7]. As shown in Figure 1, the negative-
pressure ambulance uses a fan to filter the air in the medical cabin through a high-efficiency
filtration device and discharge it out of the cabin, so that the airflow organization in the
medical cabin moves in a directional manner [8]. It can minimize the frequency of viral
infection of EMS workers and prevent the further spread of the epidemic [9]. However,
current negative-pressure ambulances generally have disadvantages, such as unreasonable
air supply inlets, excessively long airflow paths, and the inability to dynamically adapt to
changes in the internal and external working conditions of the medical cabin, which pose a
significant threat to the health and safety of EMS workers.

In addition to COVID-19, other respiratory infectious diseases, such as tuberculo-
sis, also endanger the lives of EMS workers, who require special ambulances to protect
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them and transport patients. Although negative-pressure ambulances play a vital role
in protecting EMS workers during the transfer of patients, there are some problems in
structural optimization and safety, such as insufficient airflow path, uncertain distribution
of droplet particles, low emission efficiency, and low security coefficient. Most importantly,
the infection risk for EMS workers cannot be assessed. Especially when the patient has
difficulty breathing, the EMS workers need to take off the patient’s mask to perform an
aerosol-generating procedure. If the patient coughs or sneezes at this time, the risk of
infection of the EMS workers will increase dramatically, especially in aerosol-generating
operations [10]. This research mainly analyzes this dangerous situation and researches the
problems of negative-pressure ambulances, as mentioned above.

Figure 1. Diagram of negative-pressure ambulance.

2. Classification of Airflow Organization and Establishment of the Simulation Model
2.1. Classification of Airflow Organization

The airflow organization [11] is inseparable from the method that creates the air
environment. Airflow organization refers to the temperature field, pressure field, velocity
field, and droplet concentration field distribution, which organize the airflow direction
and uniformity according to specific requirements. Good airflow organization design can
quickly and effectively discharge contaminants in the medical cabin, prevent cross-infection,
and ensure the safety of EMS workers [12].

In order to prevent virus-containing droplet particles [13] from being inhaled by EMS
workers and causing new infections, the airflow organization design of the medical cabin
needs to meet the following principles:

(1) The air supply inlets and exhaust outlets should be distributed as far as possible at
both ends of the medical cabin to ensure that the airflow in the cabin flows from the
clean area to the contaminated area. That is, the clean air first flows through the main
respiratory zone of the EMS workers, then flows to the patient, and finally to the
exhaust outlet.

(2) The air supply inlets should be arranged in an area with high air quality, and the
exhaust outlets should be arranged in an area close to the pollution source. The air
mixing between polluted and clean areas should be minimized.

(3) It should avoid generating updrafts and prevent airflow dead zones.

According to the relative positional relationship between the air supply inlets, the
exhaust outlets, and the airflow direction, the airflow organization of the medical cabin
within negative-pressure ambulances can be divided into the following three types: front
air supply, side air supply, and top air supply.
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2.2. Establishment of Three Different Physical Models of Supply Airflow Organization

In this study, the medical cabin of a negative-pressure ambulance is selected as the
research object. Generally speaking, the actual structure of the medical cabin itself and its
many internal objects is relatively complex in shape. In order to improve the speed of the
simulation calculation, reasonable simplifications can be made to the internal objects of the
medical cabin, which do not only ensure the relative integrity of the medical cabin, but
also reduce calculation time. Three types of medical cabin models of negative-pressure
ambulances are established, which are the front SAOM, the side SAOM, and the top SAOM,
as shown in Figure 2.

Figure 2. Diagram of three types of supply airflow organization models. (a) The front SAOM; (b) The
side SAOM; (c) The top SAOM.

2.3. Establishment of Simulation Numerical Model
2.3.1. The Governing Equation of Fluid Flow

(1) Continuity equation of fluid

Any fluid problem must satisfy the law of conservation of mass. This law can be
expressed as the following: the increase in the mass of the fluid micro-element body in a
unit of time is equal to the net mass of the in-flowing micro-element body within the same
time interval. The mass conservation equation is as follows:

∂ρ

∂t
+

∂

∂xi
(ρui) = 0 (1)

where ρ represents the density of the fluid; and u represents the velocity vector of the fluid.

(2) Momentum conservation equation of fluid



Sustainability 2022, 14, 4900 4 of 20

The law of conservation of momentum is also the basic law of fluid flow, and its
meaning is that the rate of change in the momentum of the fluid in a micro-element body
with respect to time is equal to the sum of various forces acting on the micro-element body
from the outside world.

∂

∂t
(ρui) +

∂

∂xj

(
ρuiuj

)
= − ∂p

∂xi
+

∂

∂xj

[
µ

(
∂ui
∂xj

+
∂uj

∂xi
− 2

3
∂ui
∂xi

δij

)]
+ ρgi + Fi (2)

where p represents the static pressure; and gi and Fi represent the gravitational volume
force and the external volume force in the i direction, respectively.

2.3.2. The Numerical Simulation Method

This research uses FLUENT software to simulate and analyze the medical cabin model.
Since the gas flow field inside the medical cabin model is a turbulent flow, there are many
turbulence models that can be applied in FLUENT. Choosing a reasonable turbulence model
will affect the accuracy and convergence of the calculation results. Because the Standard
k− ε model [14,15] has a wide range of applications and an appropriate calculation accuracy,
this study uses this model to simulate the movement of droplet particles in the medical
cabin in an unsteady state. The model needs to calculate and solve the turbulent kinetic
energy equation and the dissipation rate equation. The transmission equation of the
Standard k − ε model is as follows:

∂(ρk)
∂t

+
∂(ρkui)

∂xi
=

∂

∂xj

[(
µ +

µt

σk

)
∂k
∂xj

]
+ Gk + Gb − ρε − YM + Sk (3)

∂(ρε)

∂t
+

∂(ρεui)

∂xi
=

∂

∂xj

[(
µ +

µt

σε

)
∂ε

∂xj

]
+ C1ε

ε

k
(Gk + C3εGb)− C2ερ

ε2

k
+ Sε (4)

where Gk represents the turbulent kinetic energy generated by the average velocity gradient;
Gb represents the turbulent flow energy due to buoyancy; YM represents the contribution
of pulsation expansion in compressible turbulence; C1ε, C2ε, C3ε represent the empirical
constant µ represents turbulent viscosity; σk and σε, respectively, represent the Prandtl
numbers corresponding to k and ε; Sk and Sε represent user-defined source items.

2.3.3. The Discrete Phase

This article studies the movement of droplet particles in the medical cabin, and its
movement can be described by using a discrete-phase random-trajectory model. The
movement, diffusion, and deposition of droplet particles in the medical cabin can be
studied by tracking the movement trajectory of the particles. When using FLUENT to
simulate, the gas is a continuous phase, and the droplet particles are a discrete phase [16].
The DPM model [17] is suitable for gas-liquid two-phase flow with a particle volume
fraction below 10%. The DPM model adopts Euler-Lagrangian calculation ideas, processing
the continuous phase in Euler coordinates and the discrete phase in Lagrangian coordinates.
This needs to consider the force of the particles. Inside the medical cabin, the forces on a
single droplet particle mainly include gravity and fluid drag [18], as well as other additional
forces, such as pressure gradient force, Saffman lift force, drag force, etc. Although the
movement of droplet particles in the flow field is subject to many other additional forces,
not all forces are important to their movement. This article mainly considers gravity, fluid
drag, and Saffman lift force. Therefore, the force balance equation of a single droplet
particle is as follows:

dup

dt
= Fg + Fd + Fs (5)

where up represents the velocity of the particles, m/s; Fg represents the gravity of the
particles, m/s2; Fd represents the drag force of the particles, m/s2; and Fs represents the
Saffman lift force of the particle, m/s2.
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2.4. The Boundary Conditions

The medical cabin within the negative-pressure ambulance uses a negative-pressure
exhaust outlet to discharge droplet particles. In the FLUENT software, the boundary
condition of outlet is the pressure outlet, the gauge pressure value is −30 Pa, and its
discrete phase boundary condition is ESCAPE. The air supply inlets are set to velocity
inlet boundary condition, and its velocity is 2 m/s. The particle incidence is set to velocity
inlet boundary condition. The heat flux of human is set to 60 W/m2. The discrete phase
boundary condition of EMS workers is TRAP. The specific parameters of droplet particles
are shown in Table 1.

Table 1. Parameters of droplet particles.

Parameter Value of Number

Particle density (kg/m3) 1000
Particle diameter (µm) 1–100

Incident velocity of cough (m/s) 10
Incident velocity of sneeze (m/s) 40

Time of injection (s) 1

3. The Influence of Three Airflow Organization Models on the Movement of
Droplet Particles
3.1. The Distribution State of Droplet Particles of the Front SAOM
3.1.1. The Distribution State of Droplet Particles during Coughing

As shown in Figure 3, the droplet particles moved to the back of the medical cabin
at 6 s, and the droplet particles began to be discharged from the medical cabin by the
negative-pressure exhaust outlet. The droplet particles begin to accumulate in the turbulent
vortex [19] with the movement of the airflow organization at 20 s [20]. A large number
of droplet particles were discharged from the medical cabin by 80 s. During the interval
between 80 s and 120 s, most of the droplet particles were discharged from the medical
cabin, but there were still a few droplet particles in the turbulent vortex at 120 s.

3.1.2. The Distribution State of Droplet Particles during Sneezing

As shown in Figure 4, the droplet particles had spread to the entire medical cabin at
2 s. At 8 s, under the action of the airflow organization of the air-conditioning supply, the
droplet particles began to gather in the turbulent vortex in the medical cabin, and a large
number of droplet particles were discharged from the medical cabin. Due to the turbulent
vortexes, the particles stayed for longer time. In the interval between 40 s and 120 s, a
small number of the particles were retained in the turbulent vortex, and a large number of
droplet particles were discharged from the medical cabin by 120 s.

3.2. The Distribution State of Droplet Particles of the Side SAOM
3.2.1. The Distribution State of Droplet Particles during Coughing

As shown in Figure 5, the droplet particles moved to the middle of the medical cabin
at 6 s, and a small amount of droplet particles moved to the back of the medical cabin.
However, most of the droplet particles moved in front of the medical cabin, and the droplet
particles began to be discharged from the medical cabin by the negative-pressure exhaust
outlet. The droplet particles began to gather in the turbulent vortex with the movement of
the airflow organization at 20 s. The particles stayed in the turbulent vortex for a long time,
but a large number of droplet particles were smoothly discharged from the medical cabin.
In the interval between 80 s and 120 s, most of the droplet particles were discharged from
the medical cabin, but there were still dozens of droplet particles in the turbulent vortex
at 120 s.
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Figure 3. Distribution diagram of droplet particles during coughing in the front SAOM. (a) 6 s;
(b) 20 s; (c) 80 s; (d) 120 s.

Figure 4. Cont.
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Figure 4. Distribution diagram of droplet particles during sneezing in the front SAOM. (a) 2 s; (b) 8 s;
(c) 40 s; (d) 120 s.

Figure 5. Distribution diagram of droplet particles during coughing in the side SAOM. (a) 6 s;
(b) 20 s; (c) 80 s; (d) 120 s.
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3.2.2. The Distribution State of Droplet Particles during Sneezing

As shown in Figure 6, the droplet particles had spread to the entire medical cabin at
2 s. At 8 s, under the influence of the airflow organization of the air-conditioning supply,
the droplet particles began to gather in the turbulent vortex in the medical cabin, and a
large number of droplet particles were discharged from the medical cabin. Although the
number of droplet particles in the turbulent vortex decreased at 40 s, there were still a lot
of droplet particles that remained. In the interval between 40 s and 120 s, droplet particles
were still discharged from the medical cabin, but there were still a large number of droplet
particles in the turbulent vortexes at 120 s, which were mostly distributed in the front and
back of the medical cabin.

Figure 6. Distribution diagram of droplet particles during sneezing in the side SAOM. (a) 2 s; (b) 8 s;
(c) 40 s; (d) 120 s.

3.3. The Distribution State of Droplet Particles of the Top SAOM
3.3.1. The Distribution State of Droplet Particles during Coughing

As shown in Figure 7, the droplet particles moved to the middle of the medical cabin at
6 s, but most of the droplet particles only moved in the front of the medical cabin. A small
amount of droplet particles stayed in the turbulent vortex for long time at 20 s, but a large
number of droplet particles were smoothly discharged from the medical cabin. Almost all
the droplet particles were discharged during the interval between 80 s and 120 s, but there
were still some droplet particles in the turbulent vortexes at 120 s.
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Figure 7. Distribution diagram of droplet particles during coughing in the top SAOM. (a) 6 s; (b) 20 s;
(c) 80 s; (d) 120 s.

3.3.2. The Distribution State of Droplet Particles during Sneezing

As shown in Figure 8, the droplet particles had spread to the entire medical cabin at
2 s, and a small amount of droplet particles had begun to be discharged from the medical
cabin. At 8 s, under the influence of the airflow organization of the air-conditioning, the
droplet particles began to gather in the turbulent vortex in the medical cabin. The turbulent
vortex is mainly distributed in the back of the medical cabin, and a large number of droplet
particles are discharged from the medical cabin. Although the number of droplet particles
in the turbulent vortex decreases during the interval between 40 s and 120 s, there were
still a lot of droplet particles left in them. At 120 s, a small amount of droplet particles were
mainly concentrated in the turbulent vortex at the back of the medical cabin.

3.4. Comparison and Analysis of the Influence of Three Airflow Organization Models on the
Movement of Droplet Particles

FLUENT software was used to simulate the movement of droplet particles of the three
airflow organization models, and the statistics of the droplet particles of these three models
were obtained, as shown in Tables 2 and 3.
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Figure 8. Distribution diagram of droplet particles during sneezing in the top SAOM. (a) 2 s (b) 8 s;
(c) 40 s (d) 120 s.

Table 2. The influence of three airflow organization models on the movement of droplets dur-
ing coughing.

The Front SAOM The Side SAOM The Top SAOM

Number of droplets left in the
medical cabin 525 50 38

Number of droplets discharged
from negative-pressure

exhaust outlet
1332 2084 2094

Number of droplets trapped by
EMS workers 523 246 248

The total number of droplets
emitted by the patient

when coughing
2380 2380 2380
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Table 3. The influence of three airflow organization models on the movement of droplets dur-
ing sneezing.

The Front SAOM The Side SAOM The Top SAOM

Number of droplets left in the
medical cabin 1254 428 338

Number of droplets discharged
from negative-pressure

exhaust outlet
975 1772 2290

Number of droplets trapped by
EMS workers 1171 1200 772

The total number of droplets
emitted by the patient

when sneezing
3400 3400 3400

3.4.1. Comparison and Analysis of Emission Efficiency

Emission efficiency is the ratio of the number of droplet particles discharged in a
certain period of time to the total number of droplet particles produced, reflecting the
purification effect of pollutants within a certain period of time. According to the data in
Tables 2 and 3, the comparison diagrams of the emission efficiency of the three models for
coughing and sneezing are obtained, respectively, as shown in Figure 9.

Figure 9. The comparison of emission efficiency of the three models. (a) Coughing (b) Sneezing.

In Figure 9a, it can be seen that the side SAOM has the highest emission efficiency
when coughing, with an efficiency of 88.45%; in contrast, the front SAOM has the lowest
emission efficiency, with an efficiency of 55.97%. The difference in the emission efficiency
between the side SAOM and the top SAOM is very small, about 1%, and both are much
higher than the emission efficiency of the front SAOM. In Figure 9b, it can be seen that the
top SAOM has the highest emission efficiency when sneezing, with an efficiency of 67.35%;
in contrast, the front SAOM has the lowest emission efficiency, with an efficiency of 28.68%.
The difference in emission efficiency between the side SAOM and top SAOM is 15.23%,
and the difference in emission efficiency between the front SAOM and top SAOM is 38.67%.
All in all, the top SAOM has much higher emission efficiency than the other two models.
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3.4.2. Comparison and Analysis of Security Coefficient

The security coefficient is the ratio of the number of droplet particles that are not
trapped by EMS workers within a certain period of time to the total number of droplet
particles produced, reflecting the safety impact on EMS workers within a certain period
of time. According to the data in Tables 2 and 3, the comparison diagrams of the security
coefficient of the three models for coughing and sneezing are obtained, respectively, as
shown in Figure 10.

Figure 10. The comparison of security coefficient of the three models. (a) Coughing (b) Sneezing.

According to Figure 10a, the security coefficient of the side SAOM is the highest when
coughing at 0.903, and the security coefficient of the front SAOM is the lowest at 0.78.
The security coefficient difference between the side air supply and the top SAOM is very
small, and both of them are much higher than the security coefficient of the front SAOM.
According to Figure 10b, the security coefficient of the top SAOM is the highest when
sneezing at 0.773, and the security coefficient of the side SAOM is the lowest at 0.479. In
contrast, the top SAOM has a much higher security coefficient than the other two models.

4. Response Surface Optimization

Through the comparison and analysis of the three airflow organization models, it can
be seen that the emission efficiency and security coefficient of the top SAOM is better than
those of the other two. Based on the comparative analysis in Section 3, this section considers
that the velocity of the inlet airflow and the pressure of the negative-pressure exhaust outlet
have a greater impact on the emission efficiency and security coefficient. The emission
efficiency and security coefficient of the top SAOM when sneezing are optimized through
the response surface method, and better inlet velocity and outlet pressure are obtained.

4.1. Response Surface Method and Parameter Design

The response surface method is a parameter optimization method that combines
mathematical and statistical methods. It was first proposed by Box and Wilson [21] in 1951.
Its principle is to build a surface through the actual values of many functions around a
point. In the area sufficiently close to the point, the surface can replace the actual model.
The second-order design method is used in this study, and the expression of the response
function is as follows:

y = β0 +
k

∑
i=1

βixi +
k

∑
i=1

βiix2
i +

k

∑
i=1

βijxixj + ε (6)
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where β represents the regression coefficient, k represents the number of influencing factors,
ε represents the error of the objective function, x is the independent variable, and y is the
objective function.

In this study, the emission efficiency and security coefficient of the medical cabin
within the negative-pressure ambulance is taken as the response function. Because the
velocity of the inlet airflow and the pressure of the exhaust outlet have a greater impact
on the emission efficiency and the security coefficient, these two factors are selected as
the optimization parameters. The response surface method of the Central Composite
second-order design method is used for optimization. There are 52 = 25 combinations of
two factors and five levels of optimization variables, but by using the CCD design method,
the number of test groups is 13, which reduces the workload by half. When designing using
the CCD design method in the Design-Expert software, the two independent variables, the
velocity of the inlet airflow and the pressure of the exhaust outlet, are represented by the
letters X1 and X2, respectively, as shown in Table 4 below.

Table 4. Factors and levels of response surface testing.

Factor Level −2 −1 0 1 2

Velocity of the inlet airflow X1(m/s) 1 2 3 4 5
Pressure of the exhaust outlet X2(Pa) −46 −38 −30 −22 −14

After the above scheme is determined, the emission efficiency and security coefficient
are used as the dependent variables, and the values of the dependent variables under
various conditions obtained by the FLUENT software are input into Design-Expert. Finally
the results of the response surface experiments are obtained, as shown in Table 5.

Table 5. Design and data of response surface experiments.

Test Number Velocity
X1 (m/s)

Pressure
X2 (Pa)

Emission
Efficiency (%)

Security
Coefficient

1 3 −46 77.65 0.817
2 2 −22 67.88 0.775
3 4 −22 85.29 0.866
4 3 −30 77.62 0.812
5 5 −30 87.85 0.901
6 3 −30 77.62 0.812
7 1 −30 51.03 0.779
8 4 −38 84.85 0.861
9 3 −14 77.15 0.821
10 2 −38 68.94 0.787
11 3 −30 77.62 0.812
12 3 −30 77.62 0.812
13 3 −30 77.62 0.812

4.2. Regression Analysis
4.2.1. Emission Efficiency

After importing the simulation results into Design-Expert, the results are fitted by the
least squares method. Table 6 presents the analysis of variance for the quadratic equation.
Table 6 shows that the p value of the model is less than 0.0001, which indicates that the
model is extremely significant. The determination coefficient R2 = 0.9942 is greater than
0.95, which indicates that the model has a relatively high reliability. The adjusted R2 and
predicted R2 are 0.9901 and 0.954, respectively; the two values are very close. The signal-to-
noise ratio is much greater than 4. According to the above data analysis, it is shown that
the quadratic function fits well.
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Table 6. ANOVA for the quadratic model.

Source Sum of Square df Mean Square F-Value p Value

Model 1055.30 5 211.06 240.23 <0.0001 significant
A-X1 953.37 1 953.37 1085.14 <0.0001
B-X2 0.2187 1 0.2187 0.2489 0.6331
AB 0.5625 1 0.5625 0.6402 0.4499
A2 93.86 1 93.86 106.84 <0.0001
B2 0.0264 1 0.0264 0.0301 0.8672

Residual 6.15 7 0.8786
Cor Total 1061.45 12

R2 = 0.9942, Adjusted R2 = 0.9901, Predicted R2 = 0.9540, Adeq Precision = 55.9896.

Figure 11a is the Normal Plot of Residuals, and its residuals are normally distributed,
indicating that the model fits well. Figure 11b is the relationship between the actual value
and the predicted value. Additionally, the predicted value and the actual value are roughly
distributed on a straight line, which indicates that the response value of the model can
roughly reflect the actual value of the model.

Figure 11. Schematic diagram of model reliability analysis. (a) Normal Plot of Residuals (b) Predicted
vs. Actual.

Figure 12 shows the influence of various factors on the emission efficiency. It can
be seen from the figure that, as the velocity of the inlet airflow continues to increase, the
emission efficiency continues to increase, but after the velocity exceeds 4 m/s, the effect
on the emission efficiency becomes less and less obvious. When the velocity of the inlet
airflow is low, the lower the pressure at the exhaust outlet and the higher the emission
efficiency; but when the velocity is higher, the lower the pressure at the exhaust outlet and
as a result, the emission efficiency gradually decreases, which clearly shows that pressure
has a smaller effect on the emission efficiency than the velocity of the inlet airflow.

Through the above analysis, the model is suitable for the study, and the regression
equation of the emission efficiency can be obtained as follows:

M = 27.79822 + 22.46388X1 − 0.189343X2 + 0.046875X1X2 − 2.02397X2
1

−0.000531X2
2

(7)
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Figure 12. The influence of different factors on emission efficiency.

4.2.2. Security Coefficient

After importing the simulation results into Design-Expert, the results are fitted by the
least squares method. Table 7 presents the analysis of variance for the quadratic equation.
Table 7 shows that the p value of the model is less than 0.0001, which indicates that the
model is extremely significant. The determination coefficient R2 = 0.9784 is greater than 0.95,
which indicates that the model has a relatively high reliability. The values of adjusted R2

and predicted R2 are very close; the signal-to-noise ratio is much greater than 4. According
to the above data analysis, it is shown that the quadratic function fits well.

Table 7. ANOVA for the quadratic model.

Source Sum of Square df Mean Square F-Value p Value

Model 0.0151 5 0.0030 63.38 <0.0001 significant
A-X1 0.0139 1 0.0139 291.69 <0.0001
B-X2 8.333 × 10−8 1 8.333 × 10−8 0.0017 0.9679
AB 0.0001 1 0.0001 1.51 0.2586
A2 0.0011 1 0.0011 23.67 0.0018
B2 0.0001 1 0.0001 1.51 0.2586

Residual 0.0003 7 0.0000
Cor Total 0.0155 12

R2 = 0.9784, Adjusted R2 = 0.9630, Predicted R2 = 0.7813, Adeq Precision = 29.0284.

Figure 13a is the Normal Plot of Residuals, and Figure 13b is the relationship between
the actual value and the predicted value. Through analysis, it can be known that the
regression equation fits well with the sample data.

Figure 14 shows the influence of various factors on the security coefficient. It can
be seen from the figure that, as the velocity of the inlet airflow continues to increase, the
security coefficient continues to increase. When the velocity of the inlet airflow is low, the
lower the pressure at the exhaust outlet and the higher the security coefficient; but when
the velocity is higher, the lower the pressure at the exhaust outlet; as a result the security
coefficient gradually decreases, which clearly shows that the velocity of the inlet airflow
has a greater influence on the security coefficient than the pressure at the exhaust outlet.

Through the above analysis, the model is suitable for the study, and the regression
equation of the security coefficient can be obtained as follows:

M = 0.75087 + 0.007866X1 + 0.000082X2 + 0.000531X1X2 + 0.007026X2
1

+0.00008X2
2

(8)
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Figure 13. Schematic diagram of model reliability analysis. (a) Normal Plot of Residuals (b) Predicted
vs. Actual.

Figure 14. The influence of different factors on the security coefficient.

4.3. Optimization Results

Through the analysis of the above data in the Design-Expert software, the regression
Equations (7) and (8) are solved for the maximum value. When the velocity of the inlet
airflow is 5 m/s and the pressure of the negative-pressure exhaust outlet is −14 Pa, the emis-
sion efficiency and security coefficient of the medical cabin within the negative-pressure
ambulance are 88.781% and 0.933, respectively, which are the optimal values in the data.

5. Infection Risk Assessment

Infection risk assessments [22,23] are very useful in understanding the transmission
dynamics of infectious diseases and in predicting the risk of these diseases to the public.
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This study explored the use of the spatial distribution of exhaled droplet particles and the
viability functions of airborne viruses to assess the infection risk of EMS workers in the
medical cabin under imperfectly mixed conditions [24]. The Wells-Riley model [6] and
the dose-response model [25] are two models that are widely used in the infection risk
assessment of airborne diseases. Although the Wells-Riley model has been widely used in
the quantitative infection risk assessment of indoor respiratory tract infectious diseases,
the Wells-Riley model assumes that the air in the room is well mixed and relies on the
infectiousness calculated in the reverse direction and the intensity of the source of infection,
which leads to large errors in the infection risk assessment. Therefore, this study adopts
a dose-response model to assess the infection risk of EMS workers in the medical cabin,
which is more in line with the characteristics of incomplete mixing of droplet particles in
the article.

5.1. Model of Infection Risk Assessment

In order to analyze the spatial distribution of exhaled droplet particles under the
condition of incomplete mixing of indoor air, Sze-To et al. introduced the relevant factors of
aerodynamic size in 2008; the mathematical model of the exposure level [25] is as follows:

b(xi, t0) = cp
∫ t0

0
v(xi, t) f (t)dt (9)

where c represents the initial concentration of virus/phage in respiratory fluid (pfu/mL); p
represents the pulmonary ventilation rate (l/min); t0 represents exposure/sampling time
interval (min); v(xi, t) represents the volume concentration of droplet particles that change
with time at xi place; and f (t) represents viability function of virus/phage (%).

Finally, a risk assessment model for the probability of infection in susceptible popula-
tions is formed. The dose-response model is as follows:

PI(xi, ti) = 1 − e
−

n
∑

m=1
rm βmcpq

∫ ti
0 v(xi ,t)m f (t)dt

(10)

where r represents the fitting parameter; β represents the fraction of exposure dose reaching
the target; and q represents frequency of coughing/sneezing (min).

5.2. Establishment of Respiratory Zone and Prediction of Infection Probability

The infection risk for people in the medical cabin is mainly related to exposure level in
the respiratory zone [26,27]. The infection risk of sitting EMS workers is mainly related to
the concentration of droplet particles in the sitting respiratory zone, and the infection risk
of EMS workers who bend over to work is mainly related to the concentration of droplet
particles in the working respiratory zone. In this study, we determined that the space area
with a height of 1.1 m is the sitting respiratory zone, and the space area with a height of
0.5 m is the working respiratory zone for EMS workers, focusing on the risk of infection in
the respiratory zone.

The infection risk assessment and analysis are carried out on the top SAOM with
a better emission efficiency and security coefficient, and a graph of the concentration of
droplet particles in the respiratory zone over time during sneezing is obtained, as shown
in Figure 15. By searching the literature [28,29], taking a patient suffering from influenza
as an example, r and β are 3.1 × 10−3 and 1, respectively, and the initial concentration
c is TCID50 in the infection risk assessment. Assuming that the pulmonary ventilation
rate p is 9.62 L/min and the sneeze frequency q is 1, the volume concentration of droplet
particles can be obtained by fitting the respiratory zone concentration-curve graph through
MATLAB software. By consulting the data and summarizing the experimental data [30–32]
in the literature, the equation of virus viability can be simplified as f (t) = a · b

t
60 . The

environmental parameters in the medical cabin in this study are relatively close to those in
the literature, so a can be set to a value of 0.2 and b can be set to a value of 0.9. Substituting
the above parameters into Equations (9) and (10), the infection probability diagrams of the
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standing respiratory zone and the working respiratory zone are obtained, respectively, as
shown in Figure 16.

Figure 15. Concentration-time diagram of different respiratory zones. (a) Sitting respiratory zone
(b) Working respiratory zone.

Figure 16. Infection probability diagram of different respiratory zones. (a) Sitting respiratory zone
(b) Working respiratory zone.

Through the comparison and analysis of Figure 16, combined with Figure 8 in the
third section, due to the strong airflow when the patient sneezes, the infection probability
of the sitting respiratory zone and the working respiratory zone rises sharply at 0–3 s. With
the rapid spread of droplets in the medical cabin, the infection probability reaches its peak
at about 5 s. Then, as the negative-pressure exhaust outlet discharges the droplets out of
the medical cabin, the infection probability gradually decreases after 10 s and gradually
approaches zero after 45 s. Since the height of the working respiratory zone is lower than
that of the sitting respiratory zone, EMS workers will be exposed to more droplet particles
when bending over to treat patients, and the risk of infection is higher than that of the
sitting respiratory zone.
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6. Conclusions

(1) According to the classification and design principles of the airflow organization,
the side SAOM and the top SAOM that meet the airflow path requirements are
designed on the basis of the front SAOM. According to the simulation of the three
airflow organization models, the distribution state diagrams of the droplet particles
of different models when coughing and sneezing are obtained, and the influence of
different supply airflow organization on the movement of the droplet particles is
compared and analyzed. The simulation results show that the side SAOM and the
top SAOM have a strong influence on the movement of droplet particles. Through
statistical data on droplets particles, the emission efficiency and security coefficient
of the three models are compared and analyzed, and it is concluded that the top
SAOM has a high emission efficiency and a high security coefficient for EMS workers.
Therefore, we can obtain the general principle of design of the medical cabin: the air
supply inlets should be as close as possible to the EMS workers, and the negative-
pressure exhaust outlet should be far away from the EMS workers and as close as
possible to the mouth of the patient.

(2) On the basis of the top SAOM, the response surface optimization of this model is
carried out, taking into account that the velocity of the inlet airflow and the pressure of
the negative-pressure exhaust outlet have a greater impact on the emission efficiency
and security coefficient. Through response surface analysis, it is known that the
optimal effect is achieved when the velocity of the inlet is 5 m/s and the pressure of
the negative-pressure exhaust outlet is −14 Pa.

(3) According to the characteristics of the medical cabin within the negative-pressure
ambulance, a dose-response model is selected to assess the infection risk of EMS
workers. First, we establish the sitting respiratory zone and working respiratory zone
of EMS workers, then we predict the infection probability of the two respiratory zones
of the top SAOM, and finally we obtain the infection probability diagrams of the
respiratory zone of EMS workers. Through comparison and analysis, it is concluded
that the infection probability of the working respiratory zone is higher than that of
sitting respiratory zone. The research results are significant for improving the ability
of negative-pressure ambulances to prevent cross-infection.
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