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Abstract

:

Whole-body cryotherapy (WBC) is a therapeutic practice involving brief exposure to extreme cold, typically lasting one to four minutes. Given that WBC sessions often occur in groups, there is a hypothesis that cumulative heat dissipation from the group significantly affects the thermo-aerodynamic conditions of the cryotherapy chamber. Computational fluid dynamics (CFD) is employed to investigate thermal exchanges between three subjects (one man, two women) and a cryotherapy chamber at −92 °C during a 3-minute session. The investigation reveals that collective body heat loss significantly influences temperature fields within the cabin, causing global modifications in aerodynamic and thermal conditions. For example, a temperature difference of 6.7 °C was calculated between the average temperature in a cryotherapy chamber with a single subject and that with three subjects. A notable finding is that, under an identical protocol, the thermal response varies among individuals based on their position in the chamber. The aerodynamic and thermal characteristics of the cryotherapy chamber impact the heat released at the body’s surface and the skin-cooling rate needed to achieve recommended analgesic thresholds. This study highlights the complexity of physiological responses in WBC and emphasizes the importance of considering individual positions within the chamber for optimizing therapeutic benefits.
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1. Introduction


Whole-body cryotherapy (WBC) is a therapeutic technique that involves exposing the body to extremely cold temperatures (−60° to −140 °C) for a brief period, typically lasting one to four minutes [1,2]. Recent research has revealed various benefits of cryotherapy, including physiological, psychological, and physical improvements [3]. It is widely used to alleviate pain associated with rheumatic and inflammatory conditions, such as rheumatoid arthritis, ankylosing spondylitis, fibromyalgia, and multiple sclerosis [4,5,6,7,8,9,10,11]. Additionally, athletes use cryotherapy to enhance muscle recovery and reduce post-exercise muscle soreness [12,13,14]. Beyond physical applications, cryotherapy has shown efficacy in reducing symptoms of psychiatric disorders like anxiety and depression while also improving sleep quality and overall well-being [15,16,17].



The fundamental concept of cryotherapy revolves around exposing the body to cold, inducing a thermal shock that activates thermosensitive skin receptors. This activation plays a crucial role in cryostimulation, triggering regulatory mechanisms to maintain a consistent central temperature. The changes in skin temperature become a pivotal parameter in the cryostimulation process. The efficacy of the thermal shock depends on the thermal gradient between the body and the external environment, along with the aerothermal factor influencing the patient’s perception of cold [18]. In this context, it is essential to thoroughly assess all parameters that could influence the temperature within the cryotherapy chamber, particularly focusing on the heat generated by the patient’s body. Thermal transfers between the body and its surroundings have the potential to alter temperatures within the cryotherapy chamber, either in localized areas or on a broader scale. Given the variable size of the chamber, designed for one to five patients, accurately determining the specific impact of these heat sources on the actual temperature inside the chamber poses a considerable challenge. Adjustments to the protocol duration or the set temperature may be necessary based on the number of patients present in the cryotherapy chamber.



In a recent study, we investigated the impact of the body heat loss of a single male subject on the thermal and aerodynamic conditions within a whole-body cryotherapy chamber [19]. Our findings notably highlighted that body heat losses lead to substantial alterations in temperature fields within the chamber, prompting overall adjustments in aerodynamic and thermal conditions [19,20]. However, most whole-body cryotherapy sessions take place in groups to achieve a collective cooling effect. This practice leads us to hypothesize that the cumulative heat input dissipated by this group may alter the aerodynamic and thermal conditions of the chamber.



In this study, we aim to deepen our understanding of the impact of the simultaneous presence of three subjects, comprising one man and two women, on the thermal and aerodynamic aspects of the airflow inside the whole-body cryotherapy (WBC) chamber. Through the computational fluid dynamics (CFD) methodology, these in-depth investigations will provide further insights into the cumulative effect of body heat on the internal conditions of the cryotherapy chamber when occupied by multiple individuals. The obtained results could offer crucial insights for adjusting cryotherapy protocols accordingly, thereby maximizing therapeutic benefits while accommodating variations induced by the simultaneous presence of multiple subjects.




2. Materials and Methods


2.1. Geometry and Computational Domain


The initial stage of the numerical process involves defining the geometry, encompassing the whole-body cryotherapy (WBC) chamber with three patients. For this purpose, the computer-aided design (CAD) software ANSYS Workbench© Design Modeler (ANSYS 2020 R2, ANSYS, Inc., Canonsburg, PA, USA) was utilized. The dimensions of the cryotherapy chamber are based on the actual dimensional characteristics of a commercial model (interior dimensions of 2.1 m by 2.15 m, total height of 2.25 m). The geometries of the male (height ≈ 1.9 m) and female patients (height ≈ 1.7 m) were obtained through the 3D scanning of individuals wearing cryotherapy-specific protective clothing (gloves, caps, clogs). This study focuses on the air circulation and heat transfer among the three human bodies, modeled as a heat transfer surface, and their environment, without delving into the intricate biological mechanisms of the human body.




2.2. Boundary Conditions


Figure 1 illustrates the computational domain and boundary conditions of the system under investigation. Specifically, cold air is introduced from the ceiling of the whole-body cryotherapy (WBC) chamber at a temperature of −92 °C and a constant velocity of 0.177 m/s. An outflow condition is implemented at the ventilation grilles located on a wall at the bottom of the chamber. To streamline computation time, adiabatic conditions are assumed for the chamber walls. To simulate variations in skin temperature throughout a whole-body cryotherapy session, a thermal boundary condition is applied to the body’s surface. This condition is represented by an equation developed from experimental data characterizing the evolution of skin temperature during a WBC session [18].



Equation (1) delineates the evolution of skin temperature during a WBC session. This mathematical model, describing the kinetics of skin cooling, was developed based on experimental data [13]. Assuming an exponential behavior for the initial transient phase [16] within the time range t ∈ [0;30], followed by a transition to a linear trend during the latter part of the transient phase from t ∈ [30;β], the time-varying skin temperature can be represented as follows:


    T   S K     t   =     K   e     − ( a t )   n         0 → 30   +     A t + B     30 → β        



(1)




where K, a, A, and B are constants to be analytically determined using both thermal boundary conditions and a C1-continuous junction between these two functions.



The resulting analytical expression of the skin temperature is:


    T   S K     t   =       T   s k 0           T   s k 0       T s k   1   +   C   0   ( 30 − β )         −     t   30       n         0 → 30   +       C   0   t + (   T   s k 1   −   C   0   β )     30 → β    



(2)






  with   n =       − 30 C   0         T   s k 1   +   C   0   ( 30 − β )   l n       T   s k 0       T s k   1   +   C   0   ( 30 − β )          



(3)







Tsk0, Tsk1, and C0 are, respectively, the baseline skin temperature, the skin temperature at the end of the session, and the rate of cooling and β corresponds to the end of the session. To account for variations in the thermophysical properties of air with temperature, polynomial laws have been incorporated into the computational code. These laws enable the calculation of density, dynamic viscosity, thermal conductivity, and specific heat at each time step within the temperature range of interest (−110 °C to 33 °C). The iterative calculation is then performed to simulate a 3-min cryotherapy session with a time step of 0.03 s. It is worth noting that the time step was chosen to maximize computational efficiency while ensuring that the Courant number remains below the limit of 1.




2.3. Computational Grid


Firstly, a surface mesh is generated for the three bodies, followed by a Cartesian volumetric mesh within the fluid domain around the bodies. The maximum cell dimension within the computational domain does not exceed 0.023 m. To ensure the independence of the mesh size from the results, a grid dependency test was conducted; the results are presented in a previous study [19]. The cell dimensions around the bodies ensure a fine resolution of the boundary layer and provide adequate accuracy for thermal transfer calculations. Additionally, the use of a structured Cartesian mesh enhances result convergence and constrains the total number of mesh cells. In total, the mesh consists of approximately 3.5 million cells. Figure 2 illustrates the surface (a, b) and volumetric mesh in a plane cutting through the bodies in their symmetry plane (c).




2.4. Numerical Methods


For this study, we employed the ANSYS Fluent® 2020 R2 commercial computational code, utilizing the finite volume method for solving the governing fluid flow equations. This CFD calculation code facilitated the analysis of a three-dimensional, time-dependent, and non-isothermal numerical approach. The pressure–velocity coupling was resolved using the SIMPLE algorithm, implementing a first-order discretization scheme [21]. The standard k-ε turbulence model was chosen to accurately close the Reynolds-averaged Navier–Stokes equations over time. The following equations were utilized to describe heat and mass transfer through convection:



Mass conservation equation:


    ∂ ρ   ∂ t   + ∇ ·   ρ v   = 0  



(4)







Momentum conservation equation:


    ∂   ρ v     ∂ t   + ∇ ·   ρ v ⊗ v   = − ∇ p + ∇ ⋅ τ  



(5)







Energy conservation equation (heat transfer):


    ∂   ρ e     ∂ t   + ∇ ·   ρ e v   = − p ∇ · v + ∇ ·   q +   q   t u r b      



(6)




where   p   is the pressure,   ρ   is the fluid density,    t   is the time,   υ   is the fluid velocity vector,   p   is the pressure,   τ   is the viscous stress tensor,   e   is the specific internal energy,   q   is the conductive heat flux vector, and     q   t u r b     represents the turbulent heat flux vector.





3. Results


Primarily, our objective was to evaluate the influence of patients, regarded as heat sources, on the average temperature within the cryotherapy chamber. To achieve this, we leveraged findings from a prior study [19], wherein we monitored the average temperature within the empty cryotherapy chamber, serving as the reference case. Subsequently, we conducted a comparative analysis with the results obtained for a single individual (a man) and three individuals (one man and two women). The outcomes, depicted in histogram format, are illustrated in Figure 3.



Notably, we observe that the temperature difference (Δt), expressed in °C, increases with the number of people simultaneously occupying the chamber. Hence, following the 3-min cryotherapy session, the average temperature difference between the empty chamber and the chamber with one person approaches nearly 2 °C while it reaches approximately 7 °C with three people in the chamber. This significant result underscores the impact of the human body, acting as a heat source, on the “actual” temperature within the cryotherapy chamber. To visually depict how the human body influences the temperature within the cryotherapy chamber, Figure 4 illustrates the volumetric distribution of temperatures inside the chamber when occupied by one patient and three patients at t = 120 s and t = 180 s. First and foremost, the figure clearly delineates the positions of patients within the cryotherapy chamber. The human body, exposed to extreme negative temperatures, emits a substantial amount of heat, manifesting as a temperature peak depicted in Figure 4 as red-colored patches. Additionally, there is noticeable heterogeneity in the temperature distribution, whether with one or three patients in the cryotherapy chamber. This heterogeneity arises from the heat contribution of the human bodies and the intensified convective movements resulting from the injection of cold air into the cryotherapy chamber. Significantly, there exists a temperature disparity between the chamber occupied by a single patient and the one occupied by three patients. It is evident that the presence of the coldest air (in dark blue) is more diminished with three patients. Furthermore, when comparing the results obtained at 120 s with those at the end of a 180 s cryotherapy session, it is discernible that the overall temperatures within the treatment space continue to rise.



Certainly, owing to its functioning, the whole-body cryotherapy chamber produces a continual stream of cold air that actively impacts the thermodynamic dynamics of the human body. Consequently, there exists a reciprocal interaction between the human body and its immediate environment, the thermodynamic characteristics of which are also dynamically changing. In this scenario, it becomes imperative to examine not solely the thermal aspect but also the aerodynamic aspect; they are inherently interconnected. To address this, we employed distinct cross-sectional views that enabled the representation of both thermal and aerodynamic facets. The diverse sectional perspectives are illustrated in Figure 5. Figure 6 portrays both temperature distributions and streamline patterns color-coded by velocity across six different planes for t = 3 min. To emphasize even the subtlest temperature or velocity gradients, we constrained the temperature range between −92 °C and −72 °C and the velocity between 0 and 2 m/s.



Whatever the subject is, a notable temperature gradient is observed between the incoming air temperature into the cryotherapy chamber and the maximum temperature, surpassing −72 °C above the human bodies. This temperature gradient is characterized by the emergence of thermal plumes that form above and around the head of each patient. The fluctuating dynamics of the natural convection plume depend significantly on the temperature disparity between the patient’s skin and the air temperature, as well as on the body surface area, which varies between the man and the two women (≈2 m2 vs. 1.7 m2). Additionally, the positioning of the patients in the cryotherapy chamber will influence heat transfers and the development of the thermal plume. Turning our attention to the airflow velocity in the cryotherapy chamber, noteworthy variations are observed with elevated velocities around the bodies and above the head, associated with the formation of the thermal plume. In this region, the velocity exceeds 1 m/s. The flow topology is intricate, featuring multiple vortex instabilities. The vortices observed above the patients’ heads result from the development of the convective thermal boundary layer induced by the temperature gradient. This boundary layer transitions into a fully turbulent flow at the upper level of the body, constituting the thermal plume. Human bodies serve a dual role as obstacles to the flow and heat sources, initiating air motion through natural convection. On Plane 5, the airflow trajectory toward the outlet is clearly discernible. It can be reasonably assumed that the patient’s position in the cryotherapy chamber will markedly influence heat transfers between the human body and its environment, thereby impacting the therapeutic efficacy of the cryotherapy session.



To underscore the influence of airflow and temperature distribution on the human body, we depict the distribution of surface heat flux on the bodies of the man and the two women in Figure 7. Once again, we constrained the range of heat flux to better emphasize even subtle differences. Initially, Figure 7 underscores an uneven distribution of flux on the body surface, alongside distinctions among the three patients.



For example, in the case of Woman 1, the arms and legs exhibit significantly higher heat dissipation, with values surpassing 2000 W/m2. Conversely, in the man, it is the back of the body that serves as the primary source of heat dissipation. When comparing the results for the three patients, it becomes evident that heat dissipation is markedly influenced by the patient’s positioning within the cryotherapy chamber. Notably, the surface flux for Woman 1 in the lower part of the body is considerably higher than for the other two patients. This discrepancy arises because Woman 1’s legs are positioned in front of the cryotherapy chamber’s air outlet, where forced convection combines with natural convection, intensifying thermal losses. There is also a discernible cause-and-effect relationship between the airflow dynamics and the distribution of heat flux on the human body’s surface. The higher the air velocity, the more pronounced the surface flux. Another critical factor is the patient’s size; the larger it is, the more time the thermal boundary layer has to develop, thereby accentuating transfers between the body and its environment. Therefore, the body surface area is crucial as a larger area facilitates greater heat exchange.




4. Discussion


The initial findings of this study underscore how patients, functioning as heat sources, affect the thermal conditions within the whole-body cryotherapy (WBC) chamber during a session. Indeed, as the ambient temperature drops below the skin temperature, the human body experiences heat loss to the surroundings due to temperature gradients [22,23]. This presence of multiple patients disrupts the initial thermal homogeneity, leading to an overall temperature increase inside the enclosure. Previous research has suggested a correlation between the presence of a patient in the cryotherapy chamber and a general rise in average temperature [19]. As cold air is denser than warm air, a thermal stratification phenomenon occurs in the cryotherapy chamber. When a patient enters a cryotherapy chamber, the temperature gradient between the patient’s body, contributing a significant amount of heat, and the internal volume of the cryotherapy chamber rapidly alters the initially created thermal stratification, leading to a sudden increase in overall temperature. Consequently, a convection phenomenon occurs, resulting in the formation of a convective thermal boundary layer enveloping the human body and a thermal plume above the head. The upward motion of heated air within the boundary layer reaches positions where it disturbs the boundary layers, expelling sizable unsteady eddies into the surrounding space, away from the human body. These combined effects contribute to a significant increase in temperature in specific areas of the body, as observed above the patients’ heads and in the upper part of the cryotherapy chamber (refer to Figure 6). Settles and Craven [24] studied the development of a thermal plume induced by the presence of an individual (with an average surface temperature of 26.6 °C) in an indoor environment (a closed and unventilated room with an air temperature of T = 21.6 °C); experimental and numerical results showed a flow velocity of 0.24 m/s above the subject’s head. In a similar vein, Liu et al. [25] conducted a computational fluid dynamics (CFD) study at an environmental temperature of 24 °C, revealing a maximum velocity of 0.23 m/s over the top of the head.



Other studies have highlighted the formation of a thermal plume around patients during WBC sessions [19,20,21] or partial-body cryotherapy (PBC) sessions [3]. In whole-body cryotherapy (WBC), Marreiro et al. [21] estimated the velocity of the thermal plume to be approximately 1.5 m/s for a target temperature of −110 °C. In a recent study, we estimated the thermal plume velocity to be around 1.3 m/s for an air injection temperature of −92 °C [19]. The results of the current study, involving the simultaneous presence of multiple patients in the cryotherapy chamber, align with the previously mentioned studies. The findings demonstrate that as the number of patients participating in the cryotherapy session simultaneously increases, the overall temperature within the treatment space will be higher. An analogy can be drawn with a room heated by electric heaters—the more heaters, the warmer the room.



This study also highlights that the positioning of patients within the room significantly impacts the distribution of surface flux, indicating the amount of heat dissipated by the human body. Indeed, the increase in heat transfer is primarily driven by a notable decrease in skin temperature, as underscored by Blokker et al. [26] in their examination of the effects of cold ambient temperature on elite biathletes.



When individuals are suddenly exposed to extreme cold, the physiological response involves a thermal shock, resulting in a decrease in skin temperature. This decrease initiates the activation of mechanisms aimed at preserving body heat and enhancing heat production, as elucidated by Kenny and Flouris [27].



The conclusions drawn from this study suggest a correlation between the number of patients simultaneously present in the cryotherapy chamber and cutaneous cooling, which is associated with the distribution of surface thermal flux. In situations of extreme cold exposure, such as in cryotherapy, the human body amplifies heat dissipation to reach significant thresholds. For example, Burkov et al. [28] estimated the heat flux from the human body to range between 1650 W/m2 and 2500 W/m2, values that align closely with our estimates in this study.



Based on experimental data from previous studies [18,21], we established a strong correlation between skin temperatures and set temperatures:


      ∆ T   s k i n     = 0.0923       ∆ T   s e t u p                  



(7)







According to this equation, we can estimate the impact of the number of individuals inside the cryotherapy chamber on the average skin temperature for an equal exposure duration of 3 min and a given exposure temperature. Referring to Figure 3, the temperature difference between the chamber with one person and the one with three people is approximately 6.7 °C. Thus, utilizing Equation (7), we estimate that the average skin temperature will be 0.4 °C lower when a person is alone in the cryotherapy chamber compared to when three individuals are present. While a temperature difference of 0.4 °C may appear insignificant, it is crucial to consider the cryotherapy protocol’s purpose: achieving target skin temperature values corresponding to analgesic thresholds. The skin cooling process defines the effectiveness of whole-body cryostimulation (WBC) in achieving localized analgesic thresholds and avoiding undesirable effects [29,30,31,32].



Recent revisions to the 2010 guidelines, issued by the Association of Chartered Physiotherapists in Sports and Exercise Medicine (ACPSEM) and endorsed by the Chartered Society of Physiotherapists (London), emphasize that the recognized threshold for effective local analgesia is reached when the absolute skin temperature is reduced below 13 °C.



The duration of the cryotherapy protocol, the actual temperature inside the cryotherapy chamber, and, as demonstrated by this study, the number of individuals participating simultaneously in a cryotherapy session all influence the therapeutic efficacy of the cryotherapy protocol. Additionally, both thermo-aerodynamic aspects related to whole-body cryostimulation chambers and physiological and anthropometric aspects related to users need to be considered. The optimal benefit of the dose-response ratio is associated with the optimal match between exposure temperature and specific exposure duration for a given category of individuals. The exposure temperature, representing the actual temperature to which the body is exposed, currently poses a challenging variable to determine precisely. Moreover, the present study demonstrates that particular attention should be given to the influence of individuals’ positions in the whole-body cryotherapy chamber, especially regarding the intensity of skin cooling, which is at the core of the therapeutic process. The spatial arrangement of individuals can impact the efficacy of skin cooling by influencing the distribution of cold around their bodies. For instance, the proximity or distance between individuals in the chamber can affect the cold distribution on their body surface. Certain areas of the body may be more exposed to the cold than others based on individuals’ positions and the aerodynamic conditions within the chamber (see Figure 6 and Figure 7). To optimize protocols, it might be advisable for individuals to change positions throughout the cryotherapy session to enhance the kinetics of skin cooling.



Furthermore, the simultaneous presence of multiple subjects in the cryotherapy chamber can lead to a significant increase in the temperature inside the cabin. This rise in the average exposure temperature may compromise the effectiveness of skin cooling, questioning the anticipated therapeutic outcomes of cryotherapy. A more nuanced understanding of the spatial arrangement’s effect on thermal exchanges among individuals could further optimize cryotherapy protocols. This optimization is crucial to ensure maximum therapeutic efficacy and ensure that variations in skin temperature remain consistent with therapeutic goals.




5. Conclusions


The aim of this study was to explore the influence of the number of patients on the thermal and aerodynamic conditions within a whole-body cryotherapy chamber at −92 °C during a 3-minute session. To achieve this, a 3-min cryotherapy session was simulated using computational fluid dynamics (CFD). Drawing from the findings of a preceding study, we assessed the impact of heat transfer between the human body and its surroundings. A comparative analysis was conducted among the outcomes obtained for an empty cryotherapy chamber, a chamber with one patient, and a chamber with three patients. The main findings of this study are as follows:




	
The simultaneous presence of multiple patients disrupts thermal homogeneity, resulting in an overall rise in temperature within the enclosure;



	
This disruption is associated with the thermal stratification induced by the density disparity between cold and warm air, leading to a convection phenomenon and the formation of a convective thermal boundary layer enveloping the human body;



	
The results suggest a temperature difference of approximately 6.7 °C between an empty cryotherapy chamber and one with three patients;



	
Based on a mathematical model derived from experimental data, it is estimated that, compared to the reference case, the average skin temperature would be higher by approximately 0.4 °C with three patients;



	
This study highlights the importance of patients’ positions in the chamber, influencing the non-uniform distribution of surface thermal flux;



	
This variability can lead to noteworthy differences in skin cooling, a critical aspect for achieving recommended analgesic thresholds.








These results underscore the importance of considering these factors to optimize cryotherapy protocols, ensuring maximum therapeutic effectiveness while maintaining consistency in skin temperature variations, aligning with specific therapeutic goals.



The implications of these findings extend to the optimal design of cryotherapy protocols, underscoring the necessity for precise management of temperature and the number of individuals present simultaneously to ensure consistent therapeutic outcomes. In conclusion, this study highlights the need for a holistic approach, taking into account both thermo-aerodynamic aspects and physiological and anthropometric factors related to users. The optimization of cryotherapy protocols should aim to ensure maximum therapeutic effectiveness while maintaining consistency in skin temperature variations, aligning with specific therapeutic goals.



Limitations


It is important to interpret the findings of this study while considering several inherent limitations. Firstly, the numerical model does not incorporate the physiological intricacies of the human body. The interaction between the human body and the chamber predominantly occurs at the skin level, with skin temperature reflecting the intricate interplay between heat dissipation to the environment and heat generation by metabolically active tissues. Additionally, the thermal boundary condition applied to the human body assumes a uniform distribution of surface temperature at time t = 0 whereas, in reality, the thermal response varies across different body segments. Lastly, the model assumes a static patient whereas real-world scenarios involve patient movement, introducing disruptions in the flow field and localized alterations in heat transfers.
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Figure 1. Geometry and boundary conditions. 
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Figure 2. Surface mesh on the male scan (a), Surface mesh on the female scan (b), Cartesian mesh of the computational domain (c). 
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Figure 3. Temperature difference Δt (expressed in °C) between the average temperature measured within the empty chamber and the average temperature measured within the chamber with one person (one man alone) and the chamber with three people (one man and two women). 
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Figure 4. Distribution of temperatures inside the cryotherapy chamber when occupied by one person (a,b) and then three people (c,d), respectively, at t = 2 min and t = 3 min. 
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Figure 5. Plane positions. (a) Three planes passing through the human bodies; (b) Three other planes crossing the cabin through its symmetry planes. 
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Figure 6. Temperature fields and velocity-coded streamlines for Planes 1–6 at t = 180 s. 
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Figure 7. Surface heat flux dissipated at t = 180 s for male and female patients. 






Figure 7. Surface heat flux dissipated at t = 180 s for male and female patients.



[image: Fluids 09 00061 g007]













	
	
Disclaimer/Publisher