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The dynamics of two-phase flow and the thermal distribution characteristics
within an epidemic prevention surveillance vehicle exert a profound influence on
the risk of cross-infection among occupants and their comfort levels. In this
study, numerical simulation techniques are employed to comprehensively analyze
the two-phase flow motion and thermal distribution characteristics inside the ve-
hicle. Specifically, the research explores the impact of modular temperature and
humidity control on two-phase flow behavior and spatial thermal distribution.
The findings indicate that the maximum aerosol concentration recorded was
7.2x107Y ug/m® at a height of 1.5 m above the vehicle floor. Additionally, as the
temperature rises, the intensity of the two-phase flow motion concomitantly in-
creases, while the level of humidity exhibits an inverse trend. From the perspec-
tive of in-vehicle comfort, the modular temperature and humidity zoning control
approach contributes to a more homogeneous distribution of air velocity and
temperature within the epidemic prevention surveillance vehicle. Consequently,
this configuration offers an augmented level of thermal comfort for both medical
personnel and patients.

Keywords: monitoring vehicle, two-phase flow, modular zoning,
thermal distribution characteristics

Introduction

At the conclusion of 2019, the novel strain of coronaviruses (SARS-CoV-2) that
causes the disease known as SARS-CoV-2 had spread rapidly across the globe, posing an un-
precedented challenge to countries worldwide [1-3]. In response to this public health emer-
gency, nations have implemented strict epidemic prevention measures. Vehicles play a pivotal
role in the execution of tasks and the assurance of the well-being and security of medical and
monitoring personnel. The vehicle air conditioning system primary function is to regulate
temperature and humidity levels within the cabin, as well as to purify the air. The effective-
ness of this system directly impacts the comfort level experienced by passengers within the
vehicle. Wan et al. [4] constructed a physical model of the vehicle cabin and subsequently an-
alyzed the temperature characteristics and thermal comfort of the cabin. Zhang et al. [5] con-
ducted a simulation of the 3-D temperature distribution within the cabin during the air condi-
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tioning cooling process. Aerosol particles carrying viruses are more easily transmitted in en-
closed spaces. Luo et al. [6] employed CFD to simulate the transport process of aerosols and
conducted a thorough analysis of the specific reasons for the cross-infection of the novel
coronavirus within vehicles. Yang et al. [7] conducted a systematic study on the transport and
deposition mechanisms of aerosols in vehicles through numerical simulation. The proposed
vehicle air conditioning system is designed to address the specific requirements for epidemic
prevention. It incorporates a clear delineation of the vehicle into vaccination and observation
areas. The study utilizes numerical simulation to optimize the layout of the refrigerant pipes.
The study methodically investigates the impact mechanism of fin height and fin spacing on
aerosol dispersion behavior.

Design of air conditioning system in epidemic prevention vehicles

The air conditioning system for epidemic prevention vehicles

The present article proposes a novel design for an epidemic prevention monitoring
vehicle-mounted hybrid refrigeration cycle system with a jet. The objective of this design is to
achieve independent regulation of different functional areas within the carriage, such as the
vaccination area and the observation area, in order to meet individual needs. The system uti-
lizes R134a as the circulating working fluid. Preliminary design calculations indicate that the
thermal load of the epidemic prevention monitoring vehicle system is approximately 4847 W,
and its cooling capacity is estimated to be around 5332 W. The epidemic prevention vehicle
air conditioning system is illustrated in fig. 1.

Figure 1. The air conditioning system for epidemic
prevention vehicles; 1 — compressor,

2 — four-way valve, 3 — gas-liquid separator,

4 — condenser, 5 — temperature sensor bulb,

6 — control valve, 7 — loop throttle valve,

8 — circulating pump, 9 — control valve,

10 — heat generator, 11 — ejector, 12 — check valve,
13 — zone I throttle valve, 14 — zone II throttle valve,
15 — zone I heat exchanger, 16 — zone Il heat
exchanger

The refrigerant is compressed into a high-temperature and high-pressure state by the
primary compressor — 1. Subsequently, the liquid enters the condenser — 4 via the four-way
valve — 2. In this section, the liquid undergoes dissipation, transforming into a high tempe-
rature and high pressure liquid refrigerant. Thereafter, the fluid traverses the temperature-
sensitive package — 5, where it undergoes a division into three distinct pathways. One such
path traverses the primary circulation system, passing through the primary throttling valves —
13 and 14 for pressure reduction, and subsequently entering the evaporators — 15 and 16 (heat
exchangers for zones | and I1). In these evaporators, the refrigerant undergoes a phase transi-
tion, converting into a low temperature and low pressure gaseous state. Subsequently, it re-
verts to the main compressor for subsequent cycles. An alternative pathway traverses the aux-
iliary circulation system, wherein the refrigerant, facilitated by the control valve — 9, is throt-
tled by the loop throttling valve — 7 and enters the ejector — 11. Conversely, the third path en-
ters the heat generator — 10 through the circulation pump — 8. In this sequence, residual heat is
absorbed, gas injection is entrained, and the mixture is combined with the primary circulation
refrigerant before entering the condenser — 4. This completes the refrigeration cycle.
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The objective of this study was to inves- | | |

tigate the two-phase flow motion and thermal
distribution characteristics in epidemic preven-

tion monitoring vehicles. To this end, a physi- R {‘}7 | )
cal model of the epidemic prevention carriage \’@ 24 | /
and a microchannel heat exchanger was con- | <=\ /=7 | =
structed, as shown in fig. 2. The carriage is di- == | ==~

vided into two areas: The area demarcated as
Area 1 is the designated vaccination area, and
the area designated as Area 2 is the observation
area. A buffer zone has been established between Area 1 and Area 2. As illustrated in
fig. 3(a), the physical model of the microchannel heat exchanger is presented. Figure 3(b)
provides a detailed representation of the local mesh of the heat exchanger.

Figure 2. Model of the carriage

45 mm

Figure 3. (a) Model of heat exchanger and (b) detail of local mesh division

As illustrated in fig. 3(b), the local mesh is meticulously delineated, and to ensure
the accuracy of numerical simulations, mesh independence is evaluated using the grid conver-
gence index (GCI) prior to conducting the numerical simulation [8-10]. It is imperative to de-
fine the characteristic size of the grid. The characteristic size, h, of the 3-D grid can be ex-
pressed:

1 N 1/3
i=1

where N is the number of grids within the computational domain and AV; — the volume.
Calculate the error of key variables in simulation:
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The GClI is used to evaluate the discretization error independent of the grid, and the
equation for calculating the GCl is:

21
FS ea

re-1

GC1% = (©)
where f; and f, are key values of the calculation results from different grids, Fs — the safety
factor, p — the order, and the order of calculation accuracy is set to p = 2 based on experience.

In this study, 20 points were taken along the vertical line at the air inlet, representing
the average velocity at 20 monitoring points. The simulation results indicate that grid compu-
ting meets the convergence criteria.

Numerical simulation

Calculation of operating conditions

The numerical calculation method is employed to select typical pipe types (circular,
square, and hexagonal) for structural design, with the objective of systematically exploring
the potential effects of different geometric shapes on fluid dynamics characteristics and heat
transfer efficiency.

As demonstrated in fig. 4, within the time

g 2222 L /ﬁ. fra_me o_f 8-9 hoursZ the therr_nal load i_r1§ide the
T 4600 \ epidemic prevention vehicle exhibited a
% 4400 [ marked increase, from 3412-4107 W, repre-
£ 4200 senting a 20% rise. Subsequently, during the
F 4000 |- period from 9-14 hours, the growth rate of the
3800 |- thermal load inside the vehicle was relatively
3600 - stable. At the 15™ hour, the thermal load inside
3400 - the vehicle was measured at 4847 W. Subse-
3 4 15 &  quentto that occurrence, a downward trend was
Time observed in the thermal load within the vehicle

Figure 4. Total thermal load of epidemic during subsequent time periods.

prevention vehicles at different time periods

Control equations

When particles move in the air, they are affected by a variety of forces, including
gravity, drag force, buoyancy, thermophoretic force, and Saffman lift force. The present study
utilizes the technique of Lagrange equations to predict the trajectory of particle motion. Fur-
thermore, the particle and air-flow are bidirectionally coupled, and the force equation for par-
ticles is [11]:

du 9(pq — P)
my d_td =Vy =Py I:drag +F (4)
Pd

where mq is the mass of the droplet, ugs — the velocity of the droplet particles, Vq — the volume
of the droplet, g — the acceleration due to gravity, pq4 — the density of the droplet, p — the densi-
ty of air, Faag — the drag force acting on the droplet, and F, — the thermophoretic force and
Saffman lift force acting on the droplet.
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The control equation model of micro-channel parallel flow heat exchangers typically
involves the fundamental equations of fluid mechanics and heat transfer, including the conti-
nuity equation:

ou My o,
ox oy oz
where uy, Uy, and u; are the velocities in the x-, y-, and z-directions, respectively.

Momentum conservation equation:
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where P is the pressure on the surface of the fluid element, p — the fluid density, and g — the
acceleration due to gravity. Energy conservation equation:

0 of(,aoT
—(puc, T)=—| 12— |+ D 9
aXj(p.p) &{ &J ©)
where cp is the specific heat capacity, T — the temperature, 1 — the thermal conductivity, and

@ — the energy diffusion equation.
Results and discussion

Characteristics of spatial contamination in epidemic prevention vehicles

To ensure adequate air circulation and prevent external contamination, an air curtain
device is installed at the door position. Figure 5 illustrates the characteristics of aerosol spatial
distribution within the epidemic prevention vehicle. Figure 6 illustrates the variation of aero-
sol concentration in space with altitude under specific conditions.
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Figure 5. Characteristics of aerosol spatial Figure 6. Variation of spatial aerosol

distribution in the epidemic prevention vehicle concentration with altitude
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As illustrated in fig. 5, within the designated vaccination area, aerosols manifest a
pronounced deposition tendency, with a portion of the aerosol particles gradually descending
to the ground due to gravitational forces, while others are transported by air currents towards
the upper regions of the carriage. In the observation area, aerosol distribution is primarily
concentrated in the middle part of the carriage, with a relatively limited range of diffusion.
Aerosols exhibit a reduced distribution within the transition zone. Figure 6 illustrates the vari-
ation of aerosol concentration in space with altitude under conditions of 20 °C and 28 °C. As
altitude increases, the aerosol concentration in space concomitantly rises, with the highest
recorded aerosol concentration occurring at a height of 1.5 m from the bottom of the carriage,
measuring 7.2 x 107" micrograms per cubic meter. Consequently, as the temperature rises,
the dispersion of aerosols in space becomes more pronounced. This phenomenon is primarily
attributable to the rise in temperature, which accelerates the speed of air molecules. Conse-
guently, aerosol particles become more readily dispersed in the atmosphere.

Temperature characteristics of different tube types

The analysis results indicate that the effectiveness of heat transfer varies among dif-
ferent tube shapes, including circular, square-round, and hexagonal. Figure 7 presents a sche-
matic representation of the pressure variation for three distinct types of tubes. Figure 8 pre-
sents a chart illustrating the variation in temperature among three distinct tube types.
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Figure 7. Pressure variation diagram Figure 8. Temperature variation chart

As demonstrated in fig. 7, the rate of fluid pressure change within the square tube is
more significant in comparison to the hexagonal tube. Concurrently, the fluid temperature
within the circular tube appears to undergo the most gradual change, exhibiting a stable and
uniform pressure fluctuation. In the range of 0-80 mm, the rate of pressure change in each
tube exhibited a uniform and stable growth trend, with the pressure value gradually increasing
from an initial 9-11 Pa. However, when the distance increased to 70-80 mm, the rate of pres-
sure change within the tubes began to accelerate, with the pressure in all three tubes rising by
approximately 1 Pa during this stage. The aforementioned phenomenon can be explained as
such: with the flow of fluid within the pipe, internal disturbance factors gradually accumulate
and intensify, which in turn leads to an acceleration of the rate of pressure change within the
pipe.
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As illustrated in fig. 8, a simulation analysis was conducted to examine the tempera-
ture variations within circular, square-round, and hexagonal tubes. It has been observed that
as the distance from the outlet to the inlet increases, the temperature of the fluid gradually ris-
es. The temperature variation trend exhibited by the three types of tubes remains consistent.
Subsequent analysis indicates that the temperature change rate of the fluid within the square-
round tubes is more substantial in comparison to the hexagonal tubes, while the temperature
variation of the fluid within the circular tubes manifests as the most gradual. Within the range
of 0-60 mm, the temperature variation of the fluid inside three types of pipes demonstrates a
high degree of similarity. In the initial stage (0-40 mm), the fluid temperature inside each pipe
type remains constant at 278.15 K. As the distance increases, the fluid temperature begins to
rise slowly, and by about 40 mm, the temperature has approached 278.3 K. Subsequently,
within the range of 40-60 mm, the rate of temperature increase gradually accelerates, and the
trend of change becomes more pronounced, with the fluid temperature steadily rising to about
278.6 K. When the distance extends to 60-70 mm, the rate of temperature change reaches its
peak.

Effect of fin spacing on heat transfer
(vaccination area and observation area)

Figure 9 presents the change of heat transfer and air side pressure drop at different
fin spacing in the inoculation area. As demonstrated in fig. 10, the variation in heat transfer
and the decline in airside pressure were observed at distinct fin heights within the designated
observation area.
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Figure 9. Heat transfer and air-side pressure Figure 10. Heat transfer and air-side pressure
drop variation with different fin spacings drop variation with different fin heights

As illustrated in fig. 9, by simulating the changes in heat transfer rate and air-side
pressure drop inside the circular tube under different fin spacings, the specific impact of dif-
ferent fin spacings on these two key parameters can be clearly determined. The findings of the
study indicate a discernible downward trend in both the heat transfer rate and the air-side
pressure drop as the fin spacing increases incrementally. In the context of the study, observa-
tions have been made concerning the phenomenon of heat transfer. It has been determined
that when the fin spacing is configured at a distance of 6 mm, the rate of heat transfer attains
its maximum value of 2452.5 W. Conversely, augmenting the fin spacing to 10 mm results in
a decline in the rate of heat transfer, reaching a minimum of 1813.8 W. This observation une-
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quivocally demonstrates the direct influence of fin spacing on the efficiency of heat transfer.
In a similar vein, the simulation results pertaining to the airside pressure drop demonstrate a
congruent pattern.

As demonstrated in fig. 10, the variation of heat transfer inside the circular tube and
the air-side pressure drop in the observation area are contingent on the fin height. The find-
ings of the study demonstrate a decrease in both heat transfer and air-side pressure drop with
an increase in fin height. In the context of the study, observations have been made concerning
the phenomenon of heat transfer. It has been ascertained that the fin height of 6 mm yields the
highest value, reaching 2163 W. Conversely, when the fin height is increased to 10 mm, the
heat transfer declines to its lowest value of 1711.5 W. The maximum air-side pressure drop is
observed at a fin height of 6 mm, with a recorded value of 103.98 Pa. At a fin height of
10 mm, the air-side pressure drop reaches its lowest recorded value of 51.8 Pa. Fin spacing
has been identified as a pivotal factor influencing air flow and heat exchange efficiency with-
in epidemic prevention vehicles. This phenomenon is directly related to the spatial heat ex-
change effect within the vehicle. When the fin spacing is set correctly, it has been demonstrat-
ed to promote more uniform air flow inside the vehicle. In circumstances where air-flow is
unobstructed, air filters have been shown to be capable of more efficaciously capturing aero-
sol pollutants in the atmosphere.

Effect of different fin spacing and height
on indoor pollution characteristics

The spacing and height of the fins have been demonstrated to directly impact the
air-flow characteristics and the process of heat exchange within the vehicle. It is imperative to
note that adjusting these two parameters will have a direct impact on the performance of the
heat exchanger. Consequently, this will affect the temperature distribution of the air inside the
vehicle, thereby further influencing the spread of pollutants within the vehicle. As demon-
strated in fig. 11, the study investigated the effect of different fin heights on the concentration
of aerosols within the epidemic prevention vehicle. As illustrated in fig. 12, the effect of vary-
ing fin spacings on aerosol concentration within a pandemic response vehicle is demonstrated.
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Figure 11. The effect of different fin heights
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Figure 12. The effect of different fin spacings
on the aerosol concentration

on the aerosol concentration

As demonstrated in fig. 11, the study investigated the effect of different fin heights
on the concentration of aerosols within the epidemic prevention vehicle. The findings of the
study demonstrate a discernible downward trend in the concentration of aerosols within the
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vehicle as the height of the fins is increased incrementally. When the fin height is set at 5 mm,
the maximum concentration of aerosols within the epidemic prevention vehicle can reach
6.1 x 1017 pug/m3. Conversely, at a fin height of 7.5 mm, the maximum aerosol concentration
within the vehicle is 4.6 x 10" pg/mé. This finding suggests that an increase in fin height
may contribute to a reduction in the concentration of aerosols within the vehicle, which could
in turn potentially decrease the risk of pathogen transmission in the air.

As illustrated in fig. 12, the effect of varying fin spacings on aerosol concentration
within a pandemic response vehicle is demonstrated. The findings indicate a substantial de-
crease in the number of aerosol particles inside the vehicle with decreasing fin spacing. When
the fin spacing is set at 10 mm, the aerosol concentration within the vehicle is measured at
6 x 101" ug/md. Conversely, when the fin spacing is reduced to 6 mm, the aerosol concentra-
tion recorded is 3.9 x 10°Y7 ug/md, which is approximately 1.5 times lower than the concentra-
tion observed at 10 mm fin spacing. This phenomenon can be explained by the fact that a
smaller fin spacing significantly improves heat exchange efficiency, leading to increased tem-
perature uniformity inside the vehicle, and thus a decrease in aerosol concentration. The find-
ings suggest that decreasing the fin spacing may result in a reduction of aerosol concentration
within the vehicle, which could lead to enhanced air quality and a reduction in the risk of vi-
rus transmission. Consequently, the selection of optimal fin spacing emerges as a pivotal as-
pect in the control of aerosol dispersion when conceptualizing and operationalizing pandemic
response vehicles.

Conclusions

A growing body of research has demonstrated that shapes such as round, square-
-round, and hexagonal exhibit significant disparities in their respective heat distribution char-
acteristics. The temperature of the fluid within the three types of tubes gradually increases
with the increase in distance. The temperature change rate within the square tube is the most
substantial, followed by the hexagonal tube, while the round tube demonstrates the most
gradual temperature change. A reasonable spacing configuration is instrumental in achieving
uniform air heat exchange. The reduction in fin spacing has been demonstrated to enhance the
efficiency of heat exchange and decrease the concentration of aerosols within the epidemic
prevention vehicle. This, in turn, has been demonstrated to enhance air quality and mitigate
the risk of virus transmission.

The subsequent research endeavors will encompass the implementation of micro-ele-
ctromechanical systems (MEMS) [12, 13] for the purpose of monitoring aerosol concentration,
temperature, and humidity. The MEMS gas sensors have been demonstrated to possess the ca-
pability to accurately monitor the aerosol concentration inside a vehicle in real time [14]. The
underlying working principle of these devices is predicated on the adsorption and reaction of
specific gas molecules, which results in the generation of a detectable electrical signal change.
In an epidemic prevention surveillance vehicle, such sensors can be installed in different areas,
such as the vaccination area, observation area, and buffer zone. In the event of an abnormal in-
crease in aerosol concentration, an alarm can be issued in a timely manner, thereby alerting the
staff to take the necessary measures, such as strengthening ventilation and disinfecting relevant
areas. This approach is effective in reducing the risk of virus transmission. The MEMS tem-
perature and humidity sensors [15] have been demonstrated to achieve precise measurements
of temperature and humidity within the vehicle. In the context of an epidemic prevention sur-
veillance vehicle, the maintenance of optimal temperature and humidity conditions is para-
mount not only for the well-being of the occupants but also for the effective containment of
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aerosol transmission and the seamless functioning of onboard equipment. Real-time tempera-
ture and humidity monitoring facilitates the prompt adjustment of the air conditioning system's
operating parameters, thereby ensuring the stability of the indoor environment in terms of tem-
perature and humidity. This, in turn, enhances the safety and efficacy of epidemic prevention
efforts.
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