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Abstract:

COVID-19 has caused a huge impact on people’s daily life and has made great damage on
national economy. All the epidemic situation not only require the improvement of medical
science, but also the corresponding auxiliary research field, e.g. the improve of protective
clothing for medical use (MUPC). Developing a new kind of MUPC with portable cooling
devices to improve medical workers’ thermal comfort and protection performance of MUPC
is imminent. In this paper, an integrated MUPC with a portable vortex tube cooling device
was studied with experimental method. In a phytotron, a manikin wearing the MUPC was

experimentally studied in terms of the influence of environment temperature and cool air
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supply conditions. On the basis of experiments, the MUPC inside air temperature and relative
humidity, skin temperature of human body was studied with simulation method. Overall
thermal sensation vote (TSV) and local TSV of human body were calculated, based on
simulation results, to evaluate human thermal sensation. The results showed that, first,
50L/min cool air flowrate with 18~20°C supply temperature can create a good MUPC inside
thermal sensation environment, for both head supply and body supply conditions. Both body
supply condition and head supply condition cannot create a uniform MUPC inside thermal
sensation environment. Second, MUPC inside air relative humidity is around or lower than
60% for most body parts, except for air supply position and body parts that air is difficult to
reach. Thirdly, with cool air supplied into MUPC, a micro-positive pressure environment can

be obtained, and the protection performance of MUPC can be improved.

Keywords: protective clothing for medical use, portable cooling device, supply air parameter,

thermal comfort, positive pressure

1 Introduction

In December, 2019, COVID-19 exploded and soon spread all over the world within four
months, and a total of 166 countries or regions appeared to be hit by the epidemic with more
than 130,000 people have been diagnosed by the end of March, 2020 [1]. Not only
COVID-19, in recent years, the explosion of infectious diseases, such as SARS and Ebola
virus, have aroused people’s high attention to health and safety issues. Frequently contacted
with the patients, medical workers are easy to be infected in these public health emergencies.
Till February 24, 2020, in China, more than 2055 medical workers from 476 medical
institutions have been infected with COVID-19. The explosion of these epidemic not only
requires the improvement of medical science, but also the auxiliary equipment and
technologies. As one of the only isolation equipment between medical workers and the

patients, the protective clothing for medical use (MUPC) is of great importance to reduce the



infection risks of medical workers. As high infectious are always accompanied with these
diseases, the high protection level MUPC with extremely low air permeability is the most
effective medical equipment. The air impermeability MUPC will also restricts the heat and
water vapor transferred from human body to the MUPC outside environment. With the
increasing of working time, thermal and humid environment in the MUPC gets worse.
Working at this high temperature and humidity environment, the thermal sensation of medical
workers is extremely uncomfortable, and this will also lead to a decline of working efficiency.
To this end, improving medical workers’ thermal comfort when wearing the air
impermeability MUPC without reducing the MUPC protection performance is important and
imminent.

One of the methods is to improving the heat and moisture transfer performance of the
MUPC by adopting new materials. Water vapor permeability improvement mainly includes:
unidirectional moisture conducting technology of fiber-reinforced polymer[2] and knitted
polyester fabric [3], nano film technology of selective membrane [4] and biomimetic
nanofiber [5], and polyester fiber Coolmax combined cotton [6]. Wu et al. [7] have developed
a kind of ‘water diode’ fibrous film to make water penetrate from hydrophobic side and block
moisture from the hydrophilic side. However, the changing of the film thickness is necessary
to adjust the unidirectional water penetration ability, and whether the strength and lifetime of
the film can meet the MUPC requirement still needs further research. Wang et al. [8] studied
the moisture permeability performance of 6 kinds of non-woven, and found the lowest
moisture permeability is only 37.78 g-m2-24h"! and the highest one is 1857.78 g-m2-24h"!.
Yang et al. [9] studied the moisture permeability of different MUPC materials under different
environment temperature and humidity. The MUPC materials moisture permeability
decreases with the decreasing of environmental temperature and the increasing of
environmental relative humidity, and the lowest moisture permeability is 505.05 g-m2-24h’!

under 32.2°C and 60% environmental condition. Obviously, in practical application, many



high level MUPC materials cannot meet the Chinese national standard [10] requirement of
2500 g'm2-24h! moisture permeability, as the test condition is different from actual
environment. Polyacrylonitrile fibers [11] has moisture permeability of 9200g-m-2-24h-!, and
after modification of the membrane, the moisture permeability reaches 11400 g-m2-24h"! [12]
and 12500 g-m2-24h! [13]. Nanofibrous membranes made of polyurethane [14],
dimethylacetamide and acetone [15] and fluorinated polyurethane [16] [17] have moisture
permeability higher than 9000 g-m-24h-!. It should be noted that the improvement of MUPC
moisture permeability performance by developing new types of materials may cause a
reduction of MUPC protection performance, and the overall performance of new materials
needs further study. To this end, the application of new types of high-water vapor
permeability materials in the medical protection field still needs to be discussed for further
study.

Compared with passive technologies, ventilation and air supply with portable cooling
devices can be an effective way to maintain a more comfortable micro-climate. Installing fans
on protective clothing and ventilation directly have been studied by many researchers [18-21].
With these mechanical ventilation garments, the heat and moisture dissipation of human can
be exhausted to the external environment. However, the cooling effect is limited and the
infectious risk is increased when adopting in the medical use. By adopting cooling devices,
light weight and small size are the basic portable requirement. Semiconductor refrigeration
devices, which utilize Peltier effect to achieve cooling, has the ability to minimize the volume
of portable cooling devices [22]. Based on semiconductor refrigeration technology, Yin et al.
[23] designed a water-cooled thermoregulation suit. With experimental test, a battery weighs
790g can help the cooling suit operate about 1h. Obviously, auxiliary devices, such as water
pump and battery, are necessary to make the cooling suit operate. More important, an exhaust
air fan should be attached to dissipate the heat from hot side to the outside environment.

Compared with semiconductor cooling devices, the vortex tube has the potential to be an



alternative portable cooling device. Similar to semiconductor, vortex tube also has a cold end
and a hot end. Cooling capacity of vortex tube is mainly influenced by compressed air
pressure, air flowrate and cold mass fraction [24]. The major priority is that air supply fan or
water pump can be removed as the compressed air is adopted as input energy, and the cool air
can be supplied to most of the body parts easily. From this point of view, vortex tube is more
suitable to be combined with MUPC to maintain a more comfortable thermal and humid
MUPC inside environment.

Suppling cool air into the MUPC may have the ability of improving thermal comfort of
medical workers as well as increasing the MUPC protection. Edwards et al. [25] established a
model of the pressurized suit with 3D scanning technology and simulated the thermal
environment of the pressurized suit. The most influential variable is the inlet air temperature,
compared with air flow rate, the ambient temperature and heat transfer coefficient of the suit.
Tian et al. [26] studied the micro-environment positive pressure powered air purifying
MUPC, 99.99% of the simulating virus can be removed by the air filter. Wu et al. [27] also
studied the protection factor of a positive-pressure bio-protective suit and found a protective
factor of more than 100000 against 0.3pum aerosol particles with operating time of more than
4 h. The two types of positive pressure MUPC only concentrate on improving protection
performance. Without cooling process, the air temperature in the micro-environment is higher
than 32°C, which cannot meet the requirement of thermal comfort. The ventilation or air
supplying position has great influence on the thermal comfort of human. Ueda et al.
[18]studied the influence of clothing ventilation regions on the clothing humidity
microclimates, by using a manikin with sweat function. Among the three ventilation regions,
chest ventilation shows the highest ventilation index. In this study, the improvement of
thermal comfort is limited due to the ventilation air is not chilled. Zhao et al. [19]studied
ventilation garments with five different ventilation locations with a sweating thermal manikin,

and found that the ventilation location should be placed at the spine area or lower back. With



fans and openings connected to external environment, this method is not suitable for the
MUPC that requires low air permeability and high protection performance. Tesch et al. [28]
established a heat and mass transfer model of an air fed pressurized suit to help define the
optimum design and operation parameters. However, thermal sensation of human body and
suit inside air relative humidity were not evaluated and studied with the simulation model. Lai
et al. [29] investigated the cooling capacity of a personal cooling system with a thermal and
sweating manikin. The cooling rate is 45W under sensible heat condition and 282W under
sensible heat and sweating condition, which can maintain good thermal comfort while the
wearer doing light work. Yang et al. [30] studied the cooling performance of air ventilation
clothing with a thermal manikin. With 20 L/s ventilation rate, the total cooling capacity is
about 230W/m?, of which condition the mean skin temperature increased from 34°C to 34.5°C
after 40min exercise, and decreases to 33.3°C after 20min reset. Kang et al. [31] studied a
hybrid personal cooling system under different environment temperature and humidity. With
ventilation fan flowrate of 20L/s and cooling capacity of 62W, the skin temperature can be
controlled around 31.5°C.

In the previous research, portable cooling devices are seldom adopted with MUPC, and
the splitting of MUPC, face mask and goggles makes the cool air difficult to be supplied into
the breath zone. When combine vortex tube with compressed air cylinder carried by the
medical workers, namely the portable cooling device, not only the thermal sensation of
medical workers can be improved, but also the clean and fresh air is of benefit. Furthermore,
the influence of air relative humidity on thermal comfort of the wearer with portable cooling
devices still needs to be stressed and studied. In this article, firstly, an experimental setup was
built with an integrated MUPC with low air permeability of the highest level, a manikin, a
phytotron and a portable vortex tube cooling device. Secondly, the MUPC inside air
temperature and skin temperature of the manikin were tested by varying the environment

temperature, cool air flowrate and supply air temperature. Thirdly, with simulation method,



the thermal sensation of medical worker wearing the MUPC with the portable cooling device
was evaluated in terms of MUPC inside air temperature, skin temperature and MUPC inside

air relative humidity.

2 Methodology

2.1 Experimental setup and test sensors

A MUPC air supply performance experimental set up was built to evaluate the effect of
supplied air conditions. The schematic figure of the experimental set up is shown in Fig. 1,
and Fig. 2 gives the photograph of the experimental setup. The MUPC environment
experiment applied a standing thermal manikin wearing a integrated MUPC. The manikin is
hanged on a braket and put in a phytotron to maintain a stable temperature and humidity
environment. The phytotron, namely artificial cliamate chamber, can controll the chaber
inside air temperature, humidity and air velocity. The chamber is of 4.2m length, 3.6m width
and 2.6m height. The temperature can be controlled from 10°C to 40°C, the reletive humidity
can be controlled between 30% to 80%, and the air velocity is within 0.2m/s.

The thermal manikin dose not have the sweating function, therefore, the heating fuction
is used to test the skin temperature and MUPC inside air temperature. The manikin has 22
body segments, including head, chest, arms, back, legs and et al. The average skin
temperature of the 22 body segments is tested by the manikin, and transported to a computer
through the data line. The manikin was set at fixed heat flux mode to simulate the heat
dissipation rate of human. Medical workers need to do many kinds of work that are of
different metabolic rate. In this study, moderate working intensity is chosen as the scenario
condition to evaluated the supply air condition. The metabolism of adult with light labor is
80W/m?, and propotion of sensible heat dissipation rate, except for breath and insensible
perspriration, is about 75% of the total energy metabolism [32]. Thus, the sensible heat flux of
manikin can be calculated as 60W/m?. This sensible heat dissipation ratio is obtained from
conventional environment without the impediment of perspiration by MUPC. Supply air
condition will influence the sensible heat ratio value, due to the variation of MUPC inside air
temperature and humdity environment. For simplication, the MUPC inside environment was
assumed to be the same with conventional environment in this study. The clothing inside air
temperature and average skin temperature were tested to evaluate the MUPC thermal
environment and human thermal comfort. The sensors of the temperature recorder and the
micro-manometer are both fixed at head, body and leg part, separatly. The MUPC is made of
PP nonwoven cloth with 58g/m? combined TPU unidirectional permeable membrane.
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Fig. 1. Schematic figure of the MUPC experimental setup

Fig. 2. MUPC air supply performance experimental setup

The supply air conditions were controlled through a vortex tube cooling system. The
compressed air inlet of the vortex tube is linked with an air compressor through a hose. It
should be noted that the compressor used in this research is only to provide long endurance



time and stable compressed air. In practical application, the compressed air should be
provided by an air cylinder for portablility and prevention of pollution. Outlet air temperature
and air flow rate at the cold side of the vortex tube, namely the supply air temperature and air
flowrate of MUPC, were tested. All the experimental data were taken under steady-state
conditions. The temperatures were measured by a series of high accuracy thermometer. An air
flowmeter was adopted to measure the air flowrate of the cold side. The specifications of the
measuring devices are listed in Table 1.

Table 1 Specifications of measuring devices

Measured

parameter Devices Type Accuracy Range
Temperature Temperature recorder WZY-1 +0.3C -50~100°C

Air flow rate Mass flow controller ~ Aera FC-772C +0.005% 0~200L/min
Relative pressure  Micro manometer KIMO MP110 +0.5% value+2Pa  -1000~+1000Pa

2.2 Simulation model of the MUPC inside environment

The model of the human body and MUPC were sketched up with Pro ENGINEERING
Wildfire 5.0. The simulation of the MUPC inside environment were conducted with FLUENT
2019, and the model is shown in Fig. 3. The air supply position is at the backside of head and
upper limb in different cases, separately. The air outlet positions are at the two gaps between
ankles and MUPC. In FLUENT, species transport was applied to simulate the MUPC inside
humidity environment.

Fig. 3. Model of human body wearing the MUPC

During the air compression process, water vapor is removed from moist air when water
vapor pressure exceeds the saturated water vapor pressure. The compressed air humidity ratio
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is mainly decided by air humidity ratio before compression process and the compressed air
pressure. In this study, moist air of 26 C and 60% relative humidity is taken as the inlet
condition of air compressor, and the inlet air pressure requirement of the vortex tube is
0.2Mpa. For simplicity, the compression process is taken as isothermal process, and the
saturate water vapor can be calculated as following[33]:

InPs=23.196 — 73 zjg.if;.?%.m (1)

After compression, water vapor pressure is 4.036kPa, higher than the saturated water
vapor pressure of 26 C. As the proportion of dry air pressure and water vapor pressure is
constant during the compression process, the humidity ratio of compressed air can be
calculated as 10.64g/kg, and the relative humidity is 50.24%.

The main simulation parameters are shown in Table 2. The human body side is the first
boundary condition, and the MUPC side is the third boundary condition. In consideration of
studying the MUPC with relative low water vapor permeability [8, 9], the MUPC moisture
permeability is set at 450 g-m=2-24h-!.

Table 2. Parameters and supply air conditions of the simulation model

Parameters Value

Air supply area 7.07cm? for head supply
3.14 cm? for body supply

Supply air temperature 18°C,20°C, 22C

Supply air flow rate 50 L/min, 100 L/min, 150 L/min

Supply air humidity ratio 10.64 g/kg

Heat dissipation rate 58W [34]

Moisture dissipation rate 184g/h [34]

Heat transfer coefficient of MUPC 4 W/ (m?-K)

Moisture permeability of MUPC 450 g'm2-24h’!

MUPC outside temperature 26C

2.3 Thermal sensation evaluation model

Skin temperature is a more accurate indicator to evaluate the thermal sensation of human
body. Mean skin temperature of different body parts was calculated by FLUENT 2019 for the
simulation model, and the overall mean skin temperature of the body was calculated as the
area weighted skin temperature of all of the body parts, namely head, chest, arms, legs and et
al. Overall thermal sensation vote (TSV) and local TSV are adopted as the indicators to
evaluate overall thermal sensation and thermal sensation of different body part [35]. Overall
TSV can be calculated as the following equation:

+3 AT ean > Ind/w
Exp(WATmeqn) =1 0 < AT pean < Ind/w
TSVo={1_ Exp(cATeqn)  In4/c < ATppan < 0 (2)
-3 AT mean < In4/c
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where TSV, is overall TSV, AT ... is the difference of the actual average skin temperature
and average skin temperature of moderate state, w and c are parameters, equal to 0.62 and
-0.47, separately.

Local TSV of different body part has the same expression with overall TSV. w and c¢
of different body part has different value. The moderate state temperature 7,,,, @ and c
values are shown in Table 3.

Table 3. Skin temperature of moderate state and calculation parameters[35]

Section Overall  Head Chest Back Arm Leg Hand Foot

T'mo 33.51 33.6 34.2 34.5 32.9 335 33.6 32.0
W 0.620 0.609 0.547 0.598 0.276 0.484 0.452 0.250
c -0470  -0320 -0.342 0450 -0.226  -0.297  -0.155 = -0.120

3 Results and discussion
3.1 Experimental results of the MUPC environment

With the MUPC experimental setup, the experimental results of skin temperature,
MUPC inside temperature and manikin skin temperature under different conditions are shown
in Table 4, and the MUPC inside air temperature and skin temperature of main body parts are
shown in Fig. 4. Without cool air supplied into the MUPC, 24°C and 26 'C environment
temperature is tested to evaluate the effect of environment temperature. With cool air supplied
into MUPC, the supply air flowrate varies from 60 L/min to 110 L/min, and supply air
temperature varies from 16 ‘C to 22 °C. Symbol ‘F’, ‘B’, ‘L’ and ‘R’ means frontside,
backside, left and right, respectively.

Table 4. Experimental results of MUPC inside air temperature and manikin skin temperature

Item Results
Case 1 2 3 4 5 6 7 8 9 10
Supply alzog;npemmre Noair Noair 161 17.1 18 181 185 195 205 219

. . I I
Air flow rate (L/min) PP SUPPIY - gq 95 g0 110 70 70 60 100

Environment temperature 24 2% 2 2% 2 2% 2 2% 2 2%

(©)
Head-F  26.6 28 236 238 243 242 243 25 259 264
MUPC Head-B 268 281 201 21 212 21 221 224 234 243
inside air Body-F 26 27 25 251 253 254 256 259 261 263
temperature  Body-B  26.7  27.8 262 26 266 259 269 28.1 283 27.8
() Leg-F 261 286 29 289 289 287 29 291 29 289
Leg-B 259 283 279 279 278 279 279 279 278 282
. Foot-L 314 332 331 329 333 331 329 33 33 331
temile‘;gmre Foot-R 31,1 327 326 321 326 325 325 324 324 327
() Foreleg-L 314 33 331 328 332 325 329 33 331 332

Foreleg-R ~ 31.3 33.1 335 33.1 337 333 335 336 339 336

11



Thigh-FL ~ 33.3 35 358 35 359 35 35 355 356 355
Thigh-FR  33.8 352 353 348 352 349 353 357 356 357
Thigh-BL 326 341 348 34 349 34 346 347 347 349
Thigh-BR 329 342 343 342 343 34 346 347 347 349
Pelvis 343 354 349 34 347 341 345 35 35 349
Backside 343 355 35 346 35 341 35 351 351 351
Head 331 347 278 281 285 29 295 295 303 314
Scull 337 353 309 31.6 31.8 323 324 346 349 333
Hand-L  31.6 335 337 335 335 332 333 336 335 338
Hand-R 315 335 335 334 337 333 334 333 331 338
Forearm-L  32.8 346 339 338 342 343 338 339 339 341
Forcarm-R 33 348 342 339 344 341 341 339 342 343
Upper 333 349 33 327 335 336 337 339 341 336
arm-L
Upper 328 353 331 328 337 331 336 339 341 347
arm-R
Chest 345 357 34 339 346 338 343 346 351 354
Stomach 343 357 353 347 354 347 352 356 357 354
%f;féir 34 354 343 348 355 35 357 352 352 357
LowBack 33.8 351 349 344 351 341 352 353 354 352
Overall 329 345 336 334 339 335 338 341 343 343
AHead-F AHead-B XBody-F @Leg-F Head A Chest
32 37 o o .
8 29 ! ® 0o 00 © ©® 0 o 08 35 ) s e 4 : ; ; § %
g2 " o xxxxXX ER "
s 23 A A 4 A A S 99
2 20 A g 27
Byl 5o e
= =
123 4 5,67 8 910 1234 5,67 8 910
(@) (b)

Fig. 4. MUPC inside air temperature (a) and skin temperature (b)

Without cool air supplied into the MUPC, the MUPC inside air temperature is higher
than 27 C , when the environment temperature is 26 ‘C . The decreasing of environment

temperature causes a reduction of skin temperature and MUPC inside air temperature. With

cool air supplied, skin temperature and MUPC inside air temperature at head position are at

the lowest level, among all of the experimental conditions. Both supply air temperature and

supply air flowrate have influence on skin temperature and MUPC inside air temperature. For

head part, the most influential parameter is supply air temperature, and skin temperature of

head vary slightly with the changing of air flowrate, for the experimented air flow range. For

body and back part, the most influential factor is air flowrate, as cool air is much easier to be

sent to these zones with higher air flow velocity. For arm part and leg part, both supply air

12



temperature and air flowrate have small impact on air temperature and skin temperature, the
reason is that the supplied cool air is heated by head and chest, and the air flow velocity is low
for arm and leg parts. The supplied cool air tends to flow to the body part than arm part, and
the air temperature rises at leg part after heated by head and body.

The overall TSV of the 10 experimental cases were calculated, and the results are shown
in Fig. 5. Without cool air supplied, the overall thermal sensation under 26 ‘C environment
temperature is warm, and the overall TSV under 24 °C environment temperature is slightly
lower than 0. For the 8 air supply cases, the variation range of TSV is from -0.1 to 0.6. For
overall thermal sensation, the difference is not significant for the 8 air supply cases. The cool
air is supplied to head part firstly, and this caused the relative high skin temperature
difference of head. For chest and back part, the skin temperature difference among the 8 cases
is much lower. The head part surface area is 9.6% of the whole body surface area, and the
head skin temperature difference of the 8 cases is within 4°C. Based on the low skin surface
area ratio of head and the low temperature difference of other body parts, the difference of
overall TSV is small among the 8 air supply cases.

1234éase678910

Fig. 5. Overall TSV of experimental results

With air supplied into the MUPC, positive pressure can be obtained, as Fig. 6 shows. It is
obviously that the MUPC is inflated with the supplied air when the air-cooling device is
operated, due to the low air permeability of the MUPC.

13



(a)

Fig. 6. MUPC without air supply (a) and MUPC with air supply (b)

The MUPC is inflated due to the fact that the MUPC inside pressure is higher than
outside environment pressure. During the experimental process, the MUPC inside and outside
pressure difference is 1~2 Pa. An MUPC inside micro-positive pressure environment can be

achieved with air supplied into the MUPC.

The simulation model in FLUENT software was validated with the experimental results.
The skin temperature of main body parts and MUPC inside air temperature of the simulation
results and experimental data of three typical cases, namely case 3, case 6 and case 9, are

shown in Fig. 7.

Head
- [ 4
Chest
2 - b
< Y
& Back ;
Z : X+
A Arm
- X ,.
Leg i
1 1 i’l 1 J

20 25 30 35 40 45
Skin temperature (°C)

14

Body parts

20 25 30 35 40 45

Skin temperature (°C)

Body parts

(b)

— o<

20

25 30 35 40
Skin temperature (°C)



Body parts

X

15 20 25

/
&

30

Air temperature (°C)

(a)

Head-F _

Head- B |

T W
g o
& &
<%
T ™

|
1

-
o
(I‘IQ o
o8]

15

20

25

30

Air temperature (°C)

(b)

Body parts

W W T
2 & 8 23
w5 Of % 2
@ ™ g T

|l
o o
(TIQ o
oy

\'\X

15 20

(c)

25

. 30
Air temperature (°C)

Fig. 7. Validation of skin temperature and MUPC inside air temperature of case 3 (a), case 6
(b) and case 9 (c). Experimental data: cross symbol, simulation results: circle dot with dashed

line.

The deviation between the experimental data and the simulation results is mainly comes

from the instruments accuracy, structure deviation between the manikin and the model, the air

gap, as well. The validation results show that the maximum deviations between experimental

data and simulation results are 14.75% for the arm skin temperature and 14.79% for the body

back air temperature. The results of the simulation model can be used to predict the skin

temperature and MUPC inside air temperature.

3.2 MUPC inside air temperature

When the cool air is supplied at head, the MUPC inside air temperature simulation
results of different body part under different supply air temperature and air flowrate are

shown in Table 5.

Table 5. Simulation results of head supply conditions

Flowrate Supply MUPC inside air temperature (C)
. temperature

(L/min) (C) Head-F Head-B Chest-F Chest-B  Arm-F  Arm-B Leg-F Leg-B
18 25.97 19.39 23.93 24.35 31.67 31,6 3149 3091
50 20 26.75 21.14 25.22 25.64 31.79  31.72  32.08 31.19
22 27.61 22.98 26.38 27.37 31.89 31.83 3131 31.75
18 25.67 20.32 21.66 24.09 31.68 31.59 29.72 28.12
100 20 26.86 22.00 23.27 25.41 31.74  31.66 2996 28.78
22 27.82 24.00 24.78 26.52 31.82 31.74 3045 29.34
150 18 24.53 20.99 21.00 23.14 3155 3147 29.63 2694
20 25.68 22.53 22.59 24.40 31.65 31.56 2931 27.75

15



22 26.77 24.12 24.13 25.69 31.70  31.63 29.13  28.52

When the cool air is supplied at backside of head, the lowest MUPC inside air
temperature is at the backside of head part, and the highest MUPC inside air temperature is at
the arm part. MUPC inside air temperature decreases with the rise of air flowrate, due to the
increasing of cooling capacity. Similar to the experimental results, air flowrate has little
influence on the MUPC inside temperature at arm part. For body part and leg part, MUPC
inside air temperature decreases with the increasing of supply air flowrate.

When the air supply position is at body, the MUPC inside air temperature simulation
results of different body parts under different supply air temperature and air flowrate are
shown in Table 6.

Table 6. Simulation results of body supply conditions

Flowrate Supply MUPC inside air temperature (C)
. temperature

(L/min) (C) Head-F Head-B Chest-F Chest-B  Arm-F  Arm-B Leg-F Leg-B
18 32.28 32.41 29.50 28.73 30.67 29.77 2648 30.51
50 20 32.33 32.46 29.95 29.21 30.89  30.10 27.76  29.59
22 32.40 32.52 30.41 29.70 31.13 3040 27.87 29.23
18 28.01 28.69 27.13 26.16 26.01 2633 2537 2590
100 20 28.04 29.18 27.72 26.81 26.84 2699 26.06 26.67
22 28.33 29.70 28.37 27.48 2743  27.67 2690 27.45
18 24.86 27.00 24.57 25.24 2480 2437 2420 2448
150 20 26.78 27.64 25.68 25.48 27.82 25.61 2491 25.70
22 26.70 28.51 27.61 26.68 25.66  26.76  26.19 26.54

When the cool air is supplied at body region, the temperature difference among all of the
positions is not as high as head supply conditions. With 8 air outlet vents at both frontside and
backside of belly and chest, the lowest temperature is at leg position, and then is body part
and arm part. With the increasing of air flowrate, MUPC inside temperature of all parts
decreases, especially for head part.

The rising of supply air temperature causes a rise in MUPC inside air temperature for all
parts. When the air supply position is at head part, supply air temperature has the greatest
effect on head part, and has the minimal impact on arm and leg parts. With small air flowrate
of 50 L/min, cool air is difficult to reach the arm part and leg part, decreasing supply air
temperature cannot cool down these positions very effectively. MUPC inside temperature of
arm and leg part may not meet the requirement of thermal comfort due to the air temperature
exceeding 30 ‘C. When cool air is supplied at body part, supply air temperature has small
impact on the MUPC inside air temperature for all body parts.

3.3 Thermal comfort based on skin temperature

Thermal comfort is largely influenced by skin temperature of different body parts.
Though the MUPC inside air temperature is less than 26 C , whether medical worker is
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comfortable still needs to be discussed according to skin temperature. When the supply air
temperature is 20 'C and air flow rate is 50L/min, the skin temperature under different air
supply positions are shown in Fig. 8.
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Fig. 8. Skin temperature with air supplied at head (left) and body (right)

Apparently, with same supply air temperature and same air flowrate, skin temperature of
body supply condition is much lower than head supply condition. The highest skin
temperature can be obtained at shoulder and scull for the two air supply positions, separately.
In order to quantify the thermal comfort sensation, the calculation and analysis of different
supply air conditions is necessary. Feet and hands are not in the MUPC, and supply air
conditions has no impact on skin temperature of these body parts. Thus, experimental skin
temperature results, with environment temperature of 26 C , are adopted as the skin
temperature in different simulation cases. The overall thermal sensation under different
supply air position, supply air temperature and air flowrate calculation results are shown in
Fig. 9.
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Fig. 9. Overall TSV with air supplied at head (a) and body (b)

Overall TSV increases with the increasing of supply air temperature and the decreasing
of air flowrate, for the simulated two air supply positions. With cool air supplied at head,
overall TSV is within the thermal comfort range when the supply air flowrate is S0L/min.
When the supply air flowrate increases to 100L/min, TSV deviates from thermal comfort
zone, and the medical worker may feel slightly cold. Air flowrate of 150L/min with supply air
temperature from 18 °C to 22 °C is not suitable as TSV is below -1. For body supply
conditions, overall TSV is lower than that of head supply conditions under the same supply
temperature and flowrate, for all cases. 100 L/min and 150 L/min air flowrate conditions are
not suitable for practical application due to the very cold thermal sensation. To achieve
slightly cool thermal sensation, supply air conditions of 18°C with 50 L/min and 22°C with
150 L/min are better choices when cool air is supplied at head. Compared with head supply
condition, 22°C and 50L/min cool air supply condition can meet the requirement of thermal
comfort, and the energy saving potential is much higher. Compared with experimental results
in Fig. 5, the removing of moisture and sweat evaporation are benefit to decreasing the skin
temperature and improving the thermal sensation.

As the MUPC inside air temperature of different body parts are different from each
other, the study of local TSV of different body part is necessary. The results of local TSV of
different cool air supply position and different supply air temperature cases, with 50 L/min air
flowrate, are shown in Fig. 10.
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Fig. 10. TSV of local thermal sensation with air supplied at head (a) and body (b)

For head supply cases, the highest TSV can be obtained at arm part, and the lowest TSV
is at head part. Chest, leg, hands and feet show the best local TSV, for the three simulated
supply air temperature cases. Comfort thermal sensation of back part can be obtained with
supply air temperature of 18 °C . Head part has cold thermal sensation due to the local TSV
lower than -1.5. Supply air temperature has the greatest influence on local TSV of back part,
and the second influential is head part. Compared with back and head, supply air temperature
has little impact on local TSV of arm part and leg part. Obviously, when the cool air is
supplied at body, head tends to feel hot and back and chest may feel cold. TSV of arm part
can be improved, and slightly cool sensation can be obtained at leg compared with head
supply conditions. With cool air supplied at body, supply air temperature has great influence
on TSV of back and chest. TSV of head, arm and leg change slightly with the variation of
supply air temperature. The local TSV results show great consistency with MUPC inside air
temperature variation condition.

3.4 MUPC inside air relative humidity

Thermal comfort of human body is not only influenced by temperature, but also affected
by air relative humidity. As the humidity source is human dissipation, the relative humidity of
skin is nearly saturated. In this research, the middle face between human body and clothing is
taken as the research object of the MUPC inside air relative humidity study. With 20°C and
50 L/min supply air condition, the air relative humidity calculation results of the middle face
of human body and clothing are shown in Fig. 11.
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Fig. 11. MUPC inside air relative humidity with air supplied at head (a) and body (b)

With cool air supplied at head, relative humidity of majority body parts and arm part is
higher than 70%, and head part and leg part have relatively low relative humidity around
60%. Cool and dry air reaches head part firstly, and then reaches body part and leg part. Dry
air is difficult to reach arm part, causes the much higher air relative humidity. For body part,
the supplied air mainly flows through the middle of chest, and left part and right part has poor
relative humidity condition. When air is supplied at body part, body, leg and arm part have
better relative humidity condition, which is between 50% and 65%, compared with head
supply condition. In this condition, the supplied cool air is much more difficult to reach head
part, and relative humidity of majority head part is higher than 70%.

To quantify the influence of air supply position, supply air temperature and air flowrate
on the distribution of MUPC inside air relative humidity, the average MUPC inside air
relative humidity of different body parts were calculated. When supply air temperature is
20°C, MUPC inside air relative humidity for different body parts vary with the air supply rate,
and the results are shown in Fig. 12.
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Fig. 12. MUPC inside air relative humidity of head supply (a) and body supply condition (b)
with 20°C supply air temperature

Both MUPC inside air humidity ratio and air temperature have influence on air relative
humidity. For head supply condition, the highest air relative humidity is at backside of head
and arm part, but the reasons are not the same. For backside at head part, the cool air is
supplied at this position, and the high relative humidity is caused by the low air temperature.
The cool air is difficult to reach the arm part, and the high relative humidity of arm part is
mainly due to the high air humidity ratio. MUPC inside air humidity ratio at front of head, leg
part and body part are lower than 60%, and air relative humidity at leg part decreases with the
rising of air flowrate. For body supply condition, the highest relative humidity appears at
head, and the lowest relative humidity is at leg part. The highest relative humidity is around
60%, much lower than the highest relative humidity of head supply condition.

When supply air flowrate is 50 L/min, the MUPC inside air relative humidity for
different body parts vary with the supply air temperature, and the results are shown in Fig. 13.
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Fig. 13. MUPC inside air relative humidity of head supply (a) and body supply condition (b)
with 50 L/min supply air flowrate

When cool air is supplied at head, the relative humidity of head backside and arm part is
higher than 60%, with air supply temperature between 18 ‘C and 22 C. Decided by the air
flow characteristic, the supplied cool air flows form the backside of head to the frontside of
body, causes the different variation trend of body backside and body frontside with the
variation of supply air temperature. When the air supply position changes to body, relative
humidity nearly maintains constant with the variation of supply air temperature. The lowest
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relative humidity is at arm part, and the highest relative humidity is at head part. In this air
supply condition, arm temperature is the second highest among the body parts, which causes
the relative humidity tends to be lower than other body parts. With greater air density, cool
and dry air is difficult to reach head part, under body supply condition.

4 Discussion

In practical application, the design of the vortex tube cooling device is important. Cool
air supply positions and especially, supply air condition have great influence on wearer
thermal sensation. The simulation results showed that the supply both air conditions and
supply air position have influence on the system performance. Taking both temperature and
relative humidity into consideration, with head supply condition, body part and leg part has
the best thermal comfort due to the moderate temperature and relative humidity. Head part has
much lower air temperature with moderate relative humidity, and a cold thermal sensation
may cause uncomfortable feeling. With less cool and dry air flow to arm part, high air
temperature and high relative humidity causes the worst thermal comfort for this region.
When the air supply position changes from head to body, cool air is easier to reach arm and
leg part, and the thermal sensation of these parts is improved. Body has low TSV with
moderate air relative humidity, and head part has the worst thermal sensation due to much hot
thermal sensation.

Both supply air temperature and air flowrate have effect on the energy saving potential
and, more important, endurance time of the devices. Decided by the performance of vortex
tube, decreasing the supply air flowrate and increasing the supply temperature have the ability
to reduce the compressed air consumption. When taken overall TSV and energy consumption
into consideration, the best cool air supply condition in this research is body supply with 50
L/min air flowrate and 22°C supply air temperature. While, as the compressed air is clean and
fresh air, it is beneficial to medical workers health with the air supplied to breath zone
directly. From this point of view, head supply condition is better than body supply condition.

Either head supplying or body suppling conditions does not have the ability to create a
balance environment of all body parts, though the overall TSV is around zero in some cases.
By suppling cool air at both head and body may have the ability to improve the thermal
sensation difference among different body parts. On the other hand, the supply air
temperature can be increased with two supply positions, to meet thermal comfort requirement.
With high supply air temperature requirement, the endurance time of the devices can be
further extended. In a word, the study of the portable cooling device, especially supply air
conditions, needs for further study by experimenting the cooling devices with real men.

In this portable MUPC cooling device, cool air is supplied from the cold end of a vortex
tube. The input air of the vortex tube is compressed air, and the compressed air is mainly
stored in a gas storage tank in practical use. Compared with other kinds of personal cooling
devices, such as clothing ventilation and phase change material cooling devices, vortex tube
portable cooling devices can provide a more comfortable thermal environment and safety
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medical working condition. As humidity ratio of the compressed air is low, dehumidification
can be achieved during the cooling process, and the dehumidification capacity is decided by
the air humidity ratio before compressed and the compressed air pressure. Clothing
ventilation is bound to intake environment air to the MUPC air gap, and the MUPC will loss
protection. Vortex tube can meet the requirement of medical workers’ thermal comfort,
without the installation of battery and fans. Except for the improvement of medical workers
thermal sensation, the protection performance of the MUPC can also be improved with vortex
tube and compressed air tank. With cool and clean air supplied into the MUPC, a micro
positive MUPC inside environment can be created. Positive pressure has the ability to prevent
the infiltration of outside air that contains viruses, bacteria and other micro-organisms, in the
actual medical environment. Furthermore, the medical workers can adjust the cooling capacity
by changing the cooling air ratio. Combined with compressed air tank, replacing the
compressed air tank method can maintain a long endurance time. On the other hand, the
volume of the compressed air tank should also be designed, which can be investigated for
further study, in terms of endurance time and weight, though the air tank replacing method
can be adopted.

5 Conclusions

The vortex tube combined compressed air cylinder can be formed as a portable cooling
device, and can be used with MUPC to improve the medical workers thermal sensation. The
cooling device is of small size and portable. With this kind of portable cooling devices,
thermal comfort of the medical workers can be improved, and the protection performance is
increased as micro-positive pressure is formed between MUPC inside and outside. Equipped
with the portable cooling device, the thermal comfort of medical worker wearing MUPC was
evaluated. The evaluation of the air supply parameters can be concluded as following:

(1) The supplied air is difficult to flow to arm and leg part when supplied at head. Overall
thermal sensation of 50L/min air flowrate can meet the thermal comfort requirement. Arm
part has the warmest local thermal sensation, while head has the coldest thermal sensation.

(2) TSV of Arm and leg part can be improved with cool air supplied at body, and hot and cold
thermal sensation appears at head and back part, separately. To make the same overall
TSV, the supply air temperature can be increased and the air flowrate can be reduced,
compared with head supply condition.

(3) Neither head supply condition nor body supply condition can create a uniform MUPC
inside environment and a balanced thermal sensation of all body parts.

(4) The protection performance of MUPC can be improved due to the fact that a
micro-positive pressure environment in the MUPC is created with the supplied cool air.
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A medical use protective clothing was combined with a portable cooling device.
The medical use protective clothing was tested with a manikin in a phytotron.
Thermal sensation was evaluated in terms of skin temperature and air humidity.
Overall thermal comfort is improved, and local thermal sensation is not uniform.

A clothing inside micro-positive pressure environment can be obtained.
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