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ABSTRACT

Introduction: Computer-based numerical simulation can serve as an effective approach for replicating
system behavior over time. It enables the analysis of a system'’s capabilities, capacities, and performance
during the design phase—prior to physical implementation. Accordingly, simulation tools can be used for
the design, modeling, evaluation, and visualization of heat transfer interactions among the components
of a Liquid Cooling Garment (LCG) system. Therefore, the present study was conducted with the aim of
designing and experimentally validating a numerical simulation model for a thermoelectric-based LCG.

Material and Methods: A new model of a liquid cooling garment (LCG) based on fluid circulation was
developed using the Finite Element Method (FEM) in COMSOL Multiphysics software. To validate the
simulated model, a physical prototype of the LCG with similar characteristics was designed, and human
experiments were conducted under controlled environmental conditions. Finally, the findings obtained
from the simulation and experimental results were compared.

Results: The results showed that the difference in microclimate temperature between the simulated
predictions and the average experimental data ranged from 0.1 °C to 0.65 °C. Additionally, the deviation
in coolant temperature within the piping system between the simulation and experimental data ranged
from 0.1 to 0.6 °C. These findings indicate that the developed model demonstrates a satisfactory level of
accuracy in predicting thermal parameters

Conclusion: The results suggest that the proposed model can serve as an effective tool in the design and
evaluation process of wearable cooling systems before fabricating physical prototypes. Further studies are

TUMS

recommended to enhance the performance and precision of LCG simulation models.
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1. INTRODUCTION

The use of cooling garments is considered
a practical solution for reducing heat stress in
various occupational settings. Previous studies
have identified liquid cooling garments (LCGs)—a
subset of electrically powered systems—as one of
the most effective options for managing thermal
strain in high-temperature work environments. To
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date, various types of fluid-circulating garments
have been developed, each with specific advantages
and limitations. However, achieving an optimized
design through physical prototyping remains
challenging due to the need for multiple prototype
iterations and extensive experimental testing,
which are typically time-consuming and costly.
Therefore, the development of tools capable of
predicting the thermal performance and cooling
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effectiveness of such garments prior to fabrication
is of considerable importance. One of the most
practical approaches in this context is numerical
simulation, which can identify potential design
flaws early in the development process and thus
reduce the number of required prototypes and
experimental trials—ultimately saving time and
resources; to ensure the accuracy and reliability
of simulation outcomes, a validation process
is essential. A widely accepted method for this
purpose is the comparison of simulation results
with experimental data obtained from real-
world testing. Based on these considerations, the
present study was conducted with the objective of
experimentally validating a numerical simulation
model of a thermoelectric-based LCG.

2. MATERIAL AND METHODS

In this study, COMSOL Multiphysics finite
element software was utilized to develop a novel
LCG model. Conjugate heat transfer was used to
analyze the coupled thermal interactions between
the human body, the garment, and the ambient
environment. Following the numerical simulation,

a physical prototype of the LCG was designed,
and experimental tests were conducted to evaluate
its thermal performance. Finally, to ensure the
accuracy of the simulation results, model validation
was performed by comparing the numerical
outcomes with the experimental

In this study, the use of semiconductor chilling
plates was considered for designing the cooling
system model of LCG. To ensure effective heat
dissipation from the body, the LCG model was
designed with four cooling units. Each unit
consisted of a semiconductor chilling plate along
with a water-cooling block attached to the cold
side of the plate (Figure 1). The inlet and outlet
of these water blocks were connected to a cold
fluid circulation loop (primary loop) to reduce
the temperature of the fluid flowing through the
garments tubing network, thereby lowering the
microclimate temperature. In addition, another
cooling block was mounted onto the hot side of
each semiconductor chilling plate, which was
connected to a warm fluid circulation loop based
on a radiator and fan (secondary loop) to enable
effective heat dissipation from the cooling units.
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Fig. 1: A simplified diagram of the configuration of a LCG based on thermoelectric refrigeration
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Furthermore, an aluminum heat sink was attached
to each of these cooling blocks to further enhance
heat dissipation from the cooling unit.

The geometry of the LCG was modeled in
CATIA software and then imported into COMSOL
Multiphysics for heat transfer simulation. Figure
2 shows the LCG geometry within the COMSOL
environment.  Considering  the  geometric
symmetry of the garment and the assumption of
a uniform heat flux distribution across the torso
surface, only one-quarter of the LCG geometry
was modeled. This simplification was adopted
to reduce geometric complexity, minimize

computational load, and increase simulation speed.
The simulations in this study were conducted for
three levels of physical activity based on the body’s
metabolic heat generation rate (standing, walking
at 2 km/h, and walking at 5 km/h) and under
different ambient temperature conditions (31°C,
35°C, and 39°C).

Experimental Validation

Figure 3 presents the LCG prototype used in
the experimental validation tests. The design of
the garment precisely followed the geometry of
the simulation model developed in the software

Fig. 2: Geometry of the fluid-circulating cooling garment in the COMSOL Multiphysics environment

Fig. 3: A visual representation of the LCG as worn by the test subject
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Table 1: Comparison of Simulation and Experimental Results for LCG Performance

Activity
Intensity

Microclimate temp.
Mean + Std
(Experimental) (°C)

Microclimate
temp.
(Simulation) (°C)

31 0 km/h 27.1+£0.6 26.6
31 2 km/h 27.7+£0.5 27.1
31 5km/h 283+0.3 279
35 0 km/h 30.1+0.5 29.9
35 2 km/h 30.45+0.3 30.2
35 5km/h 30.8+0.3 30.7
39 0 km/h 32.35+0.4 32.78
39 2km/h 32.6+0.4 33.08
39 5km/h 32.8+0.3 33.45
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environment, ensuring maximum alignment
between the physical and virtual conditions.
To evaluate the performance of the LCG under
different environmental conditions and varying
levels of physical activity, a series of experiments
were conducted in a climate-controlled chamber.
To assess the cooling effectiveness of the garment,
temperatures at multiple points within the
microclimate were recorded, and the average of
these measurements was used as the representative
microclimate temperature.

3. RESULTS AND DISCUSSION

Table 1 presents the results obtained from the
simulations and experimental tests. To compare
the simulation results with the experimental data
for model validation, a paired samples t-test was
conducted. The correlation coefficient between
the experimental and simulated data was 0.998 (p
< 0.001), indicating a very strong and significant
correlation between the two datasets. The paired
t-test results showed no statistically significant
difference between the simulated values and
experimental data (p = 0.732). It can be concluded
that the difference between the simulated and
experimental data is negligible and statistically
insignificant.

Comparison of Simulation and Experimental Results
for Water Temperature in the Piping System

In addition to the microclimate temperature,
the water temperature inside the cooling garment’s

[ DOW!

Fluid temperature at the
Fluid temperature at the  inlet of the LCG tubing
inlet of the LCG tubing system
system (Experimental) (Simulation)
(49 (°C)

22.1 22.3
22.7 22.95
23.6 23.7
253 25.45

26 25.65
26.2 259
28.15 27.65
28.4 27.85
28.7 28.1

piping system was also examined. For quantitative
validation of the model, a paired samples t-test
was used. The correlation coeflicient between the
experimental and simulated results was 0.999 (p
< 0.001), indicating a very strong and significant
correlation between the two datasets. Furthermore,
the paired t-test results showed no statistically
significant difference between the experimental
and simulated data (p = 0.165).

The findings from the simulations and
experimental tests in the present study indicate
that an increase in ambient temperature leads to
a rise in the water temperature within the piping
system, the overall garment surface temperature,
and ultimately the microclimate temperature. This
trend has also been confirmed in previous studies.
For instance, Zhang et al. demonstrated that an
increase in ambient temperature results in a reduced
efficiency of the cooling system in dissipating heat.
Furthermore, the results of this study showed that
at a constant ambient temperature, reducing the
fan speed in the cooling system causes an increase
in the hot side temperature of the semiconductor
chilling plate, which subsequently raises the
temperature on the cold side of the plate, the water
temperature within the system, and ultimately the
microclimate area. On the other hand, Li et al.
found that even when the inlet water temperature of
the LCG piping system is kept constant, an increase
in ambient temperature independently causes a
rise in the microclimate temperature. This finding
suggests that the increase in ambient temperature,
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by elevating radiative and convective heat fluxes
to the garment surface, plays a significant role in
raising the microclimate temperature. Overall,
these two studies emphasize the importance of two
key factors in increasing microclimate temperature:
first, the decreased performance of the cooling
system under higher temperatures, and second,
the direct increase in heat exchange due to warmer
environmental conditions. However, in the present
study, although the heat dissipation capacity of the
cooling system was assumed to be constant under
all conditions in the simulations—while in the
experimental tests, the heat dissipation performance
is directly affected by the ambient temperature—
the simulation model results still showed a high
level of agreement with the experimental data, with
no statistically significant differences observed.
This finding may indicate two key points: First,
the increase in ambient temperature elevates the
radiative and convective heat fluxes toward the LCG,
playing a much more significant role in raising the
final temperature of the LCG and the microclimate
environment. This effect is considered to be more
substantial than the impact of the slight reduction
in the cooling system’s heat dissipation capacity
under warm conditions. Second, unlike the study
by Zhang, which used a heat dissipation system
based on a fan and a heat sink, the present research
employed a system consisting of a radiator and a
fan. This type of system has a much lower thermal
resistance and more effective heat dissipation;
therefore, the increase in ambient temperature has
less impact on its performance. Consequently, no
noticeable differences between the experimental

Journal of Health and Safety at Work 2025; 15(4)

and simulation results were observed. The results
indicates that the model developed in the present
study has a suitable level of accuracy in predicting
thermal parameters.

4. CONCLUSIONS

This study focused on the experimental
validation of a numerical simulation model for a
liquid cooling garment based on thermoelectric
refrigeration. The model was validated through
human trials and demonstrated good agreement
with the experimental data. Overall, the analysis
of the results suggests that the developed model
can serve as an effective tool in the design and
evaluation of wearable cooling systems prior to the
construction of physical prototypes. The design and
enhancement of liquid-cooled garments (LCGs)
involve multiple considerations, and achieving
more precise outcomes will require further
comprehensive research.
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