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Abstract: This study aims to investigate the impact of body heat loss on the thermal and aerody-
namic conditions in a whole-body cryotherapy chamber. The underlying hypothesis is that the heat
generated by the human body alters the thermal and aerodynamic environment inside the cabin. A
numerical study was conducted to test this hypothesis to analyze the thermodynamic exchanges
between the human body and the cabin during a 3-minute whole-body cryotherapy session. The
computational fluid dynamics (CFD) approach was used to study the unsteady heat transfer be-
tween the human body and the interior of the cryotherapy cabin. A thermal boundary condition,
based on a mathematical model developed from experimental data, was applied to simulate skin
cooling kinetics over time. The post-processing of the 3D results, including temperature, velocity
fields, and thermal flux maps at the body surface, provided insight into the thermo-convective
mechanisms involved in a whole-body cryotherapy session. The study found that body heat loss
significantly affects the temperature fields inside the cabin, leading to global modifications of the
aeraulic and thermal conditions. These findings suggest that cryotherapy protocols may need to be
adjusted or the cabin set temperature optimized to enhance the therapeutic benefits.

Keywords: Computational Fluid Dynamics (CFD), Whole body cryotherapy (WBC), skin tempera-
ture, extreme cold, human body.

1. Introduction

Whole body cryotherapy (WBC) is a method that involves exposing one or more subjects
to extremely cold dry air for a period of one to four minutes [1]. Studies have shown that
cryotherapy provides physiological, psychological, and physical benefits [2-4]. Cryother-
apy methods have been developed to improve recovery from exercise, relieve pain, de-
pression, and anxiety symptoms in patients with rheumatism and inflammatory diseases
[5-7]. To achieve analgesic and anti-inflammatory effects, the patient must undergo a ther-
mal shock following a sudden drop in skin temperature [8-10]. The intensity of the ther-
mal shock will therefore depend on the temperature difference between the inside of the
cryotherapy chamber (from -110 to -195 °C depending on the manufacturer) and the pa-
tient's skin temperature [11-12]. When discussing thermal shock, it is necessary to consider
the aerodynamic aspect. The basic principle of cryotherapy is that exposure to cold acti-
vates thermosensitive skin receptors, which is believed to be the main cause of the effec-
tiveness of cryostimulation as it triggers regulatory mechanisms aimed at maintaining a
constant core temperature. The resulting changes in skin temperature then become the
key parameter on which the cryostimulation process relies. The thermal and metabolic
response as it appears after cryostimulation is at least partially linked to what happened
during the cryostimulation session, especially the speed of skin cooling.
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The physiological response to extreme cold exposure is inherently linked to the thermal
and airflow conditions within the cryotherapy chamber [13-14]. To achieve the expected
therapeutic and analgesic effects, the temperature gradient between the human body and
its environment must be significant [15]. Therefore, knowledge of the airflow and thermal
conditions within the chamber throughout the cryotherapy session is fundamental [16].

In this context, it is necessary to take into account all parameters that could affect the
temperature within the chamber, especially the heat generated by the patient's body. In-
deed, thermal transfers between the body and its environment can locally or on a larger
scale modify temperatures inside the cryotherapy chamber. Depending on the size of the
cryotherapy chamber, 1 to 3 patients can be accommodated, and it is difficult to precisely
determine the impact of these heat sources on the actual temperature inside the chamber.
It may be necessary to adjust the protocol duration or adjust the set temperature based on
the number of patients present in the cryotherapy chamber. The first step in this reflection
would be to estimate the impact of a single patient on the temperature inside a whole-
body cryotherapy chamber. Currently, thermal measurements inside cryotherapy cham-
bers are difficult due to the extreme temperatures that can damage the electronic circuits
of measuring devices. Another alternative is to use numerical means such as CFD (Com-
putational Fluid Dynamics), which allows for a precise approach to the airflow and ther-
mal conditions within a cryotherapy chamber. CFD also provides access to flow variables
that are difficult to obtain experimentally under extreme conditions. In a recent study, we
used CFD to perform thermodynamic modeling aimed at optimizing the circulation of
cold air flows in a partial-body cryotherapy chamber using an electric cooling system that
produces air at -30°C [17]. The numerical results were compared to experimental results,
which demonstrated the potential of the method we developed

In this study, we model the thermodynamic transfers between the human body and its
environment during a 3-minute whole-body cryotherapy session. The ultimate goal is to
determine the influence of the heat input from the human body on the temperature fields
inside the cryotherapy chamber. A CFD calculation code based on the finite volume
method is used to study the unsteady evolution of heat transfers. The results, presented
in the form of temperature fields, velocity, and thermal flux maps on the body surface,
provide a better understanding of the thermo-convective mechanisms involved during a
whole-body cryotherapy session. This study is the first step in the process of adapting
cryotherapy protocol duration and/or cryotherapy chamber set temperature according to
the number of patients inside the chamber.

2. Materials and Methods
2.1. Geometry and computational domain

This section describes the first step of the numerical process used in the study, which in-
volves defining the geometry of the whole-body cryotherapy (WBC) cabin and the human
body inside it. The geometry of the cabin was created using computer-aided design (CAD)
software ANSYS Workbench© Design Modeler (ANSYS 2020 R2, ANSYS, Inc., Can-
onsburg, PA, USA), based on the main dimensional characteristics of the cryotherapy
cabin. The geometry of the human body was obtained using 3D scanning of a person
wearing cryotherapy-specific protective clothing and was modeled as a heat transfer sur-
face without considering the internal physical properties of the body. The simulations fo-
cus on air circulation and heat transfer between the human body and its environment,
without taking into account the complex biological mechanisms of the human body. The
resulting numerical model allows for the analysis of the thermo-convective mechanisms
involved in a WBC session and provides a better understanding of the impact of the heat
generated by the human body on the temperature fields inside the cryotherapy cabin.
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Figure 1. Boundary conditions.
2.2. Boundary conditions

The boundary conditions of the problem are presented in Figure 1. Cold air is injected at
the ceiling of the WBC cabin at a temperature of -92°C and a constant velocity of 0.177
m/s, which corresponds to the incoming air flow rate given by the manufacturer of the
equipment (Mecotec, Germany). An outflow condition is applied at the ventilation grilles
located at the bottom of the chamber. For simplification, the walls of the chamber are con-
sidered adiabatic. To model the evolution of skin temperature during a whole-body cry-
otherapy session, a thermal boundary condition is applied to the surface of the body.
Equation (1) describes the evolution of skin temperature during a WBC session. This
mathematical model of skin cooling kinetics was developed based on experimental data
[12]. The skin temperature as a function of time can be expressed as follows:

TSK(t) = [Ke—(at)"]o_)30 + [At + B]30_)ﬁ (1)
Where K, a, A and B are constants to be analytically determined using both thermal

boundary conditions and a C!- continuous junction between these two functions. The re-
sulting analytical expression of the skin temperature is

t n
T ‘(_)
Tsic () = | Too (—Tsk1+;:(°30_ B)) % ] + [Cot + (Tskz — CoB)lz0op )
0-30
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Tsko, Tski, and Co are respectively the baseline skin temperature, the skin temperature at
the end of the session, and the rate of cooling, and f corresponds to the end of the session.

In this calculation, the system was initialized at a temperature of -76°C which corresponds
to the average temperature measured experimentally in the cryotherapy chamber. The
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iterative calculation was performed over a duration of 3 minutes with a time step of 0.02
s. We chose two different planes to analyze the kinetics of temperature and velocity evo-
lution and to study the dissipation of heat from the human body into the ambient air. The
two planes that intersect the body along its symmetry axes are shown in Figure 1.

2.3. Computational grid

A surface mesh is first created on the body, followed by a Cartesian volumetric mesh
for the fluid domain. The cell size in the computational domain is less than or equal to
0.023 m. The cell size applied to the body ensures good resolution of the boundary layer
and sufficient accuracy for thermal transfer and convection calculations in the air. The
structured Cartesian mesh improves the convergence of results and limits the number of
mesh cells. In total, the mesh consists of over 3.5 million cells. Figure 2 illustrates the mesh
structure on the body walls as well as in its vicinity.

Figure 2. (a) Surface mesh on the body; (b) detailed view of the inflation mesh around the
body displayed in a 2D vertical plane intersecting the body.

2.4. Numerical methods

This study used the commercial calculation code ANSYS Fluent® 2020 R2. This CFD cal-
culation code based on the finite volume method allows the solution of the system of
equations governing fluid flow. The numerical study is both three-dimensional, time-de-
pendent and non-isothermal. The SIMPLE algorithm was preferred to solve the pressure-
velocity coupling, using a first-order discretization scheme [17]. The standard k- turbu-
lence model was chosen for closure of the Reynolds-averaged Navier-Stokes equations.
Heat transfer as well as mass transfer by convection are described by the following equa-
tions:

The continuity equation:

owy | 0wy,
ox + ay +

owy,
0z

=0 4)

The Navier-Stokes equations:
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With w being the fluid velocity (m/s); v the dynamic viscosity (kg/m.s); x, y, z the spa-
tial coordinates (m); P the Pressure (Pa); p the density (kg/m3); T the temperature (K);
C, the specific heat (J/Kg.K); 4 the thermal conductivity (W/m/K).

To account for the evolution of the thermo-physical properties of air with temperature,
polynomial laws were implemented in the computational code. They allow for the calcu-
lation of the density, dynamic viscosity, thermal conductivity, and specific heat at each
time step within the temperature range of interest (-110°C to 33°C).

3. Results

Figure 3 displays the distribution of air flow velocities (a) and temperatures (b) for
plane P1 at t=1, 2, and 3 minutes, respectively, while Figure 4 illustrates the distribution
of air flow velocities (a) and temperatures (b) for plane P2 at t=1, 2, and 3 minutes, respec-
tively. Note that we have limited the temperature range between -92°C and -72°C and the
velocity range between 0 and 1.5 m/s to highlight even small gradients of velocity or tem-
perature.

The results confirm a strong heterogeneity of temperatures in the chamber, with one
of the main reasons being the presence of the human body, which behaves both as an
obstacle and as a source of heat. The results also indicate that the highest temperatures
are located near the body, while the coldest temperatures are located in the areas far from
the body.

We can observe that the highest velocities are located around the body and above the
head, due to the development of a thermal plume around the body. This thermal plume,
which accelerates the airflow in the boundary layer and the heat transfers within the
chamber, has a maximum velocity estimated at 1.3 m/s. To complement the results, Figure
4 illustrates the trajectory of the streamline in the WBC chamber at t=60 s.

The streamlines are colored by the vertical velocity, with a range limited to the inter-
val of -0.5 to 0.5 m/s to better illustrate the smallest gradient of velocity. The streamlines
allow to highlight the three-dimensional structure of the flow in the cryotherapy chamber
at t = 60 s. The 3D streamlines (Figure 5(a)) show that the flow is composed of multiple
vortex structures that interact with each other. The streamlines represented in a plane
(Figure 5(b)) indicate that the human body acts as an obstacle for the flow of air coming
from the ceiling of the chamber. The presence of large vortex structures indicates an inter-
action between the upward flows in the vicinity of the body and the downward flows
resulting from the injection of cold air into the chamber. The air warmed by contact with
the body, with a lower density, tends to rise while the cold air, with a higher density,
descends to the floor.
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Figure 3. Velocity (a) and temperature (b) fields for plane P1 at t=1 min, t=2 min, and
t=3 min.
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Figure 4. Velocity (a) and temperature (b) fields for plane P2 at t=1 min, t=2 min, and
t=3 min.
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Figure 5. Streamlines colored by the vertical velocity component at t=60s in 3D (a);
2D streamlines plotted in a vertical plane passing through the body and colored by the
vertical velocity component.

To complete, Figure 6 shows the distribution of surface flux on the human body at t
=180 s. Note that the range has been limited to the interval of 200 to 2000 W/m? to better
visualize the differences.

Figure 6. Surface heat flux dissipated by the human body at t =180 s for the front
side (a) and the back side (b).

The results show us that the distribution of heat flux on the body is uneven. For ex-
ample, the legs dissipate much more heat, especially at the ankles where the dissipated
flux exceeds 2000 W/m?. The same observation can be made for the back of the wrists. This
Figure highlights the areas that are more likely to cool down, such as the legs or forearms,
because a high heat flux indicates significant heat dissipation. Note also that the distribu-
tion of heat flux on the surface of the human body is inherently dependent on the aerody-
namic conditions inside the chamber. Thus, the higher the air velocity, the more heat is
dissipated.

4. Discussion
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The results confirm the hypothesis that the heat input from the human body signifi-
cantly increases the temperatures within the WBC chamber, as the human body transfers
heat to its close environment [18]. During exposure to cold, the layer of air, i.e. the bound-
ary layer, developing at the surface of the human body limits the transfer of heat from the
body to the air inside the chamber [19]. The development of this boundary layer is visible
in Figures 3 and 4 in the form of a thermal plume that rises upward and induces thermal
stratification in the chamber. Several articles in the literature have highlighted the for-
mation of a thermal plume during WBC sessions [20] or PBC (Partial Body Cryotherapy)
sessions [17,21].

Heat exchange between the human body and its environment in indoor spaces has
also been the subject of scientific studies [22]. A study conducted by Settles and Craven
[23] examined the development of the thermal plume created by the presence of an indi-
vidual in an indoor environment. The researchers studied the interaction between a stand-
ing (clothed) man and his environment (a closed and unventilated room at ambient tem-
perature). The experimental and numerical results revealed that the flow velocity could
reach 0.24 m/s above the subject's head [23]. The difference in temperature gradient be-
tween the skin temperature of the human body (around 33°C on average) and the air tem-
perature in the cryotherapy chamber (-90 to -110°C) is considerably greater in our study.

Therefore, the convection flow velocity is naturally higher. The results obtained in
our study are consistent with those of Marreiro et al. [20] who estimated the velocity of
the thermal plume dissipating above a subject during a whole-body cryotherapy session
at -110°C. In their study, the velocity measured in the thermal plume was about 1.5 m/s
[20], while it is estimated to be around 1.3 m/s in the present study.

Concretely, the thermal plume that develops around the body accelerates the air flow
in the boundary layer as well as the heat transfer within the chamber. These results con-
firm the hypothesis that the heat generated by the human body modifies the aerodynamic
and thermal conditions within the chamber. This results in an overall increase in temper-
ature within the chamber, which leads to a decrease in the value of the surface flux that is
particularly notable for certain parts of the body such as the abdomen (Figure 6). The dis-
tribution of the thermal flux suggests a more pronounced cooling in the lower part of the
body, where the thermal plume develops. Moreover, the air flow tends to accelerate the
heat transfer between the human body and its environment through a forced convection
phenomenon [16].

On the one hand, the resulting flow displaces warm air around the body, but on the
other hand, it accelerates the heat transfer between the human body and the air inside the
cryotherapy chamber. This leads to a progressive increase in temperatures within the
treatment space (Figures 3 and 4), which in turn will modify the distribution of heat flux
at the surface of the human body. What is also interesting is that the flows associated with
the thermal plume are counter-current to the flows of air injected to cool the cryotherapy
chamber. This process will generate a series of vortical structures allowing a mixing of the
flow within the chamber while limiting the phenomena of thermal stratification that could
occur if there were no heat source. Finally, our results demonstrate that the heat generated
by the human body is capable of significantly increasing the temperature of its immediate
surroundings, even under extreme conditions such as cryotherapy. Given that multiple
patients can participate in a cryotherapy session simultaneously, further studies are
needed to evaluate the impact of these heat sources on the temperature inside the
cryotherapy chamber. Indeed, a significant increase in temperature within the chamber
could reduce the therapeutic effectiveness of cryotherapy.

Limitations
The results of this study need to be interpreted in light of several limitations. First, the

numerical model does not take into account the physiological behavior of the human
body. Indeed, the interaction between the human body and the cabin occurs mainly at
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the skin level, and the skin temperature can reflect the balance between heat loss to the
environment and heat produced by metabolically active tissues. Furthermore, the ther-
mal boundary condition imposed on the human body assumes that at time t=0, the sur-
face temperature is uniformly distributed over the body surface, whereas in reality the
thermal response differs depending on the body segment. Finally, the patient is static,
while in reality, patients are asked to move, which generates disturbances in the flow
field and local modification of heat transfers.

5. Conclusions

The objective of this study was to investigate the impact of the heat generated by the
human body on the thermal and aerodynamic conditions inside a whole-body cryother-
apy chamber (WBC). To achieve this, a 3-minutes cryotherapy session was modeled using
a computational fluid dynamics (CFD) method. A thermal boundary condition was ap-
plied to the body based on a mathematical model developed from experimental data, en-
abling simulation of the skin cooling kinetics over time. Post-processing of the 3D results
revealed the development of a complex flow consisting of multiple vortical cells that con-
tinuously modify the thermal and aerodynamic conditions inside the chamber. The ther-
mal plume generated around the human body interacts with the cold air supplied from
the ceiling to cool the chamber, resulting in counter-rotating vortical cells. The distribution
of heat flux on the body surface suggests a close link between the temperature distribution
on the body surface and the unsteady flow dynamics within the chamber. Further exper-
imental measurements and calculations are required to quantify the impact of one or more
patients on the temperature fields within a cryotherapy chamber. These preliminary re-
sults also suggest the need to adapt cryotherapy protocols or adjust the set temperature
to account for the heat input from the human body.
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