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Definition

:

Helium is a low-density, inert, monoatomic gas that is widely used in medical applications. In respiratory care, Helium is mainly used as an adjunct therapy for patients with severe upper airway obstruction and asthma. To better understand the action mechanism of helium, the physical properties of several therapeutic gas mixtures with helium are calculated using kinetic theory. Flow in a simplified lung airways model is also shown to support the discussion of helium’s respiratory benefits, including reduced work of breathing.
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1. Introduction


Helium is a noble gas that is used in a variety of applications. As the coldest liquefied gas, liquid helium makes it ideally suited in cryogenics, notably in the cooling of superconducting magnets in MRI (magnetic resonance imaging) scanners and NMR (nuclear magnetic resonance) spectrometers [1]. In gaseous form, helium has several industrial applications as a shielding gas during welding [2], a purge and pressurization gas [3], in leak detection [4], as a non-reactive carrier gas used in chromatography [5], and in semiconductor and optical fiber production [6]. Helium is also well known for its use as a lifting gas in balloons and blimps or in components of deep-diving breathing mixtures. As early as 1926, Sayers and Yant pointed out that the low solubility of helium compared to nitrogen could reduce the formation of gas bubbles and therefore decompression accidents among deep-sea divers [7]. In the medicine practice [8], helium is used in microscopy [9], radiology [10], and surgery [11], and it also has other promising applications in cardiology [12] and neurology [13]. However, the subject that has attracted a great deal of interest relates to the physiological benefits of breathing a mixture of helium and oxygen in patients suffering from severe upper airway obstruction and asthma. Helium was indeed considered a therapeutic gas from the 1930s due to its inert nature and its lightness compared to oxygen and nitrogen [14]. The respiratory care applications of helium capitalize on the unique properties of helium, which are examined in detail in this paper in relation to respiratory mechanics, and particular attention is paid to the several misconceptions about its viscosity and hypothetical hypothermic properties. A simple lung airways model based on pipe flow equations is also used to review the benefits of using helium mixtures as a function of the Reynolds number.




2. Physical Properties of Helium and Other Therapeutic Gas Mixtures


2.1. Origin, Discovery, and Extraction of Helium


Helium is the second most abundant element in the universe after hydrogen. These two elements represent 25% and 73% of its total mass, respectively [15,16], with all other elements constituting less than 2%. Most of the helium atoms in the universe were mainly created just a few minutes after the Big Bang through the Big Bang nucleosynthesis process [17,18]. Helium is also produced in stars by the fusion of hydrogen via the proton–proton (p-p) chain reaction and the CNO cycle [19]. On earth, helium mainly results from the radioactive decay of uranium and thorium in the crust and the mantle of the earth, wherein alpha particles, i.e., He nuclei,    H     4   e  2 +    , are emitted [20]. The balance between the degassing of He and its escape from the atmosphere by several processes leads to its atmospheric concentration being as low as 5.2 ppm by volume [21]. This noble gas is also very rare on Earth due to its inert nature, which prevents it from forming bonds with other atoms and therefore from being stored in the crust of the earth. Helium was discovered in 1868 by several observers who turned their spectroscopes on sun prominences during a total eclipse in the Indian Peninsula. The terrestrial equivalent of this unknown yellow spectral line was not observed until 1895 by Ramsay [22]. A few years later, the presence of helium was discovered in natural gas wells in Kansas, but its production really took off in the 1920s in order to produce enough helium for flying airships [23]. Today, helium is exclusively collected as a by-product of natural gas extraction and remains extremely rare. Only a limited number of countries produce it, with the United States and Russia being the main suppliers. The shortage of helium has become a growing concern in recent years, and the increase in demand coupled with the reduction in reserves has had a strong impact on its cost, which has doubled in recent years [24]. This trend will have to be considered in the development of medical devices, reinforcing the need to recycle gases in order to remain compatible with reimbursement policies.




2.2. Density


Helium is a colorless and odorless monoatomic gas that belongs to the noble gas family. Chemically inert and non-toxic, helium is generally considered by clinicians as medically inert, with no anesthetic effect, unlike nitrous oxide (   N 2  O  ) and xenon (  Xe  ). Its atomic number is 2, and the atomic weight of its main abundant isotope,    H     4  e  , is   4   g / mol   (its nucleus contains 2 protons and 2 neutrons). The density of pure gas and gas mixtures can be easily estimated from the ideal gas law:


  ρ =   ∑  i   x i   M i  ×   P   R T    



(1)




where  ρ  is the density in   g /  m 3   , P is the absolute pressure in Pa,   R = 8.314   J /  (  mol . K  )    and is the ideal gas constant, T is the temperature in Kelvin,    x i    is the molar fraction of the pure gas component, and    M i    is the molecular weight in   g / mol   of the pure gas component. Table 1 shows the density of several pure gases and gas mixtures that are used in respiratory care and anesthesia.




2.3. Viscosity


Viscosity is associated with a fluid’s resistance to flow freely. In the classical example of a gas sheared between two flat plates of surface A separated by a distance y, the coefficient of viscosity,  μ  (in     kg   m . s     o r   P a . s )  , is defined by the equation:


  τ =  F A  = μ   d u   d y    



(2)




where  τ  is the shear stress, F is the drag force applied to the plate, and     d u   d y     is the velocity gradient at right angles to the plates. According to the generalized kinetic theory of gas [25], in a diluted regime, the gas viscosity can be approximated by:


  μ =   2.68 ×   10   − 6     M T      σ 2   Ω v     



(3)




where  σ  is the collision diameter (Å), M is the molecular weight of the gas (  g / mol  ), T is the absolute temperature (K), and    Ω v    is a dimensionless parameter that depends on the ratio   T /  T ϵ   , with    T ϵ    being an effective temperature characteristic (see Table 2 for the numerical values):


   Ω v  ≈ 1.147    (   T   T ϵ     )    − 0.145   +    (   T   T ϵ    + 0.5  )    − 2.0    



(4)







For a mixture of n gases, Wilke’s equation can be used to evaluate the viscosity [27]:


   μ  m i x   ≈   ∑   i = 1  n     x i   μ i      ∑   j = 1  n   x j   ϕ  i j      



(5)




where


   ϕ  i j   =      [  1 +    (   μ i  /  μ j   )    0.5      (   M j  /  M i   )    0.25    ]   2       (  8 + 8  M i  /  M j   )    0.5      



(6)







   M i    and    x i    are the molecular weights and the mole fractions, respectively.



   x i    can also be expressed in terms of mass fractions    C i  =  ρ i  / ρ   as follows:


   x i  =    C i  /  M i      ∑   j = 1  n   C j  /  M j     



(7)







Table 3 lists the calculated viscosities of helium and several other gases used in respiratory care. The kinematic viscosity,   ν = μ / ρ  , is also indicated. It should be noted that helium, as confirmed by experimental data, has a slightly higher viscosity than air, which may be a little counterintuitive. As the viscosity of a nonpolar gas is not due to ‘frictional’ forces, but rather to the transfer of momentum between adjacent layers of fluid, this result suggests that the effect of the low molecular weight of helium on the momentum transfer is compensated for by a small collision diameter and thus a large mean free path compared with that of air molecules. Following the kinetic theory of gases, a molecule reaching any layer in a gas had its last collision at a distance from the layer equal to 2/3 of the mean free path on average. If we assume that the velocity gradient     d u   d y     is constant over this distance, the average velocity of helium atoms will vary linearly with this mean free path [28]. Thus, the greater the mean free path, the greater the change in the velocity of the helium atoms crossing the gas layers. This simplified picture of momentum transfer between adjacent gas layers helps to explain the relatively high viscosity of a gas as light as helium.




2.4. Thermal Conductivity


Thermal conductivity is the physical property that describes the rate at which heat is conducted. The kinetic theory leads to an expression for the thermal conductivity k in   W /  (  m . K  )    of a pure dilute gas, which resembles the expression derived for viscosity [25]:


  k =   0.0833  T     σ 2   Ω v   M     



(8)







For the estimation of the thermal conductivity of dilute mixtures of n gases, Equations (5) and (6) can be used, except that    μ i    is replaced in (5) by    k i    that is obtained using Equation (8). The calculated conductivities of a selection of gases used in respiratory care are shown in Table 3.




2.5. Heat Capacity at Constant Pressure


The heat capacity describes the amount of heat that must be absorbed by a substance to raise its temperature by 1 °C. For a monoatomic gas, kinetic theory shows that the isobaric molar heat capacity    C  p , m     is:


  M o n o a t o m i c   i d e a l   g a s :    C  p , m     =  5 2    R ≈ 20.786   J / ( K . mol )  



(9)







This formula is very accurate for noble gases like helium that indeed have only three degrees of freedom associated with translations in the cartesian plane. Thus, the internal energy of a monoatomic gas is equal to the kinetic energy. A mixture of light and heavy atoms of noble gases at equilibrium, e.g., He and Xe, will exhibit, on average, the same temperature and therefore the same mean kinetic energy; He atoms simply have a larger mean velocity than Xe atoms. For polyatomic gases, additional degrees of freedom associated with the rotation and vibration of the atoms relative to their center of mass become available as the temperature rises. Thus, polyatomic gases have a larger heat capacity than monoatomic gases, as these additional degrees of freedom, which absorb a part of the heat energy, also contribute to the heat capacity. At ordinary temperatures, a diatomic molecule like    O 2    or    N 2    has a total of five degrees of freedom, three translational and two rotational; thus, classical theory predicts a molar heat capacity equal to:


  D i a t o m i c   i d e a l   g a s :    C  p , m   =  7 2    R ≈ 29.101   J / ( K . mol )  



(10)







In good agreement with experimental data (see Table 3).



Mayer’s relation can be used to derive the values of the isochoric molar heat capacity    C  v , m    :


   C  p , m   −  C  v , m   =   R  



(11)







The specific or mass heat capacity of a gas is an intensive property of the substance equal to the heat capacity divided by its molecular weight:


   C p  =    C  p ,   M    M    J / ( g . K )  



(12)







The heat capacity of polyatomic gas is usually calculated using empirically derived polynomial fits in temperature (see, e.g., Poling et al. [30]).



For ideal mixtures of n gases, the molar heat capacity at constant pressure is:


   C p     m i x   =     ∑  i   x i   C p    i   



(13)




where    C p    i    is the molar heat capacity of gas  i . The calculated molar and specific heat capacities are shown in Table 3.




2.6. Mass Diffusivity


Diffusion is a mass transfer mechanism that refers to the movement of mass due to molecular exchange. The diffusion of molecules of a given species through itself is called self-diffusion. The binary diffusion coefficient characterizes how molecules of one species placed in the presence of molecules of a second species will mix thanks to molecular collisions to finally reach a homogeneous state of equilibrium. The Chapman–Enskog kinetic theory for dilute gases, in the ideal gas law approximation, gives the following expression for the binary diffusion coefficient    D  12     between species 1 and 2 [25,26]:


   D  12   =   0.0018583     p  σ  12  2   Ω  D ,   12        T 3   (   1   M 1    +  1   M 2     )     



(14)




where    D  12     is the binary diffusion coefficient in     cm  2  / s  ,    M 1    and    M 2    are the molecular weights of the two gases in   g / mol  ,    Ω  D ,   12     is the diffusion collision integral,    σ  12     is the effective collision diameter in Å, T is the absolute temperature in K, and p is the pressure in atm.



The diffusion collision integral can be approximated by [30]:


   Ω  D ,   12   ≈   1.06036      (   T *   )    0.1561     +   0.19300   exp  (  0.47635  T *   )    +   1.03587   exp  (  1.52996  T *   )    +   1.76474   exp  (  3.89411  T *   )     



(15)




where    T *  = T /  T   ϵ  12      .



The effective temperature and collision diameter,    T   ϵ  12       and    σ  12    , also called the Lennard–Jones potential parameters, are functions of separate molecular properties (see Table 2):


   T   ϵ  12     =    T   ϵ 1     T   ϵ 2       



(16)






   σ  12   =    σ 1  +  σ 2   2   



(17)







The values of the binary diffusion coefficients estimated by these equations typically agree with experimental values to within 5 to 10%.



The diffusion in multicomponent gas mixtures is of particular interest in respiratory care, notably for estimating the diffusion coefficients of carbon dioxide and water vapor through the therapeutic gas. Poling suggests using Blanc’s law for a dilute component i diffusing into a homogeneous mixture m:


   D  i m   =    (    ∑   j = 1 ,     j ≠ i  n     x j     D  i j      )    − 1    



(18)




where    x j  =  c j  / c  ,    c j    is the concentration of i, c is the mixture concentration, and the binary diffusion coefficient    D  i j     of the ij system is assumed to be independent of composition [30].



The binary diffusivities of carbon dioxide and oxygen in a selection of gases at a pressure of 1 atmosphere and temperatures of 20 and 37 °C are presented in Table 4 and Table 5, respectively. Binary diffusivities calculated with Fuller’s method for additional concentrations of inhaled therapeutic gases are shown in Katz et al. [31].





3. Flow in a Simplified Lung Airways Model


3.1. Lung Model


Lung airways are divided into the upper respiratory tract, which comprises the nose and nasal cavities, the sinuses, the pharynx, and a part of the larynx, and the lower tract, which is also called the respiratory or airway tree, wherein the branching structure includes the trachea, bronchi, bronchioles, alveolar ducts, and alveoli. The respiratory tree can be seen, from the trachea to the alveoli, as a succession of circular ducts, each duct being divided into two smaller daughter branches. In humans, there are an average of 23 successive divisions or generations of airways, with internal diameters ranging from around 2 cm in the trachea to a fraction of a millimeter in the most distal airways. The model developed by Weibel in 1962 is one of several lung morphometry models used to describe the generation of branching patterns and the airway geometry in human anatomy [32]. This model was used to analyze the pressure–flow characteristics of the respiratory tree and diffusion phenomena [33]. The Zavala model was also extensively used to analyze steady flow through the central airways. This model consists of 31 main branches terminated by 39 airways (bronchi) of about 3 to 4 mm in inner diameter [34]. Three-dimensional computational fluid dynamics (CFD) models built from computed tomography (CT) [35] or magnetic resonance imaging (MRI) data [36] enable a refined analysis of the airflow through the complex geometry of the airways composed of    2  23     ducts of various shapes and bifurcations.




3.2. Flow through the Lung Airways


The incompressible steady gas flow through the lung model can be modeled in terms of head losses:


  Δ  h  t o t   =   ∑      h f  +   ∑      h m   



(19)




where   Δ  h  t o t     is the total head loss,    h f    is the Moody-type friction loss, and    h m    represents local or minor losses due to any components like the duct entrance or exit, bends, elbows, sudden expansion or contraction, bifurcations, orifices, etc., that induce a change in the fluid velocity [25].



Equation (19) can therefore be rewritten as:


  Δ  h  t o t   =   ∑     f  L d     V 2    2 g   +   ∑     K    V 2    2 g    



(20)







The friction losses,    h f   , can be written as:


   h f  = f  L d     V 2    2 g    



(21)




where  f  is the Darcy friction factor,  L  is the duct length,  d  is the duct inner diameter,  g  is the gravitational acceleration, and V is the average fluid velocity.



The minor losses,    h m   , are equal to:


   h m  = K    V 2    2 g    



(22)




where the dimensionless loss or resistance coefficient K can be written as:


  K =   Δ p    1 2  ρ  V 2     



(23)




where   Δ p = ρ g  h m    is the pressure drop induced by the local loss. Many textbooks provide formulae and tables to determine the values of the loss coefficients, K, for various configurations and geometries [25,37]. The specific morphology and constants for the minor loss coefficients of the lung model were calculated by Katz et al. [38].



The friction factor  f  depends on the duct roughness, its shape, and the Reynolds number,   R  e d   , defined by:


  R  e d  =   ρ V d  μ   



(24)







The determination of the Reynolds number, which is the ratio of the inertial to the viscous forces within a fluid, is very useful for characterizing the flow regime. Below 2300, the flow in a circular duct is laminar with only minor flow disturbances that quickly vanish. The range of   R  e d    numbers between 2300 and 4000 is called the transition to turbulence region, as intermittent turbulence occurs. Above 4000, the flow is turbulent with a moderate-to-small   R  e d    number dependence [37].



In the laminar regime, the friction factor can be easily derived by combining the Poiseuille flow equation in a circular duct (25):


  Δ p =   128 μ L   π  d 4    Q  



(25)




where   Q =   π  d 2  V  4    is the flow rate, and with Equation (21) it can be written as:


  f =   64   R  e d     



(26)







In the laminar regime, the pressure drop varies linearly with the average velocity. For   2300 ≤ R e ≤ 4000  , the duct flow is unstable as a result of the onset of turbulence and the friction factor is subject to considerable uncertainty.



For transition to moderately turbulent flow, with the   R  e d    number in the range from   4000   to     10  5   , the Blasius approximation can be used:


  f = 0.316 R  e d     − 1 / 4    



(27)







Combining Equations (21) and (26) yields the expression of the pressure drop,   Δ p  , as a function of the flow rate in the turbulent regime:


  Δ p = 0.241 L  ρ  3 / 4    μ  1 / 4    d  − 4.75    Q  1.75    



(28)







This approximation allows us to explain the increase in the pressure drop as the 1.75 power of the velocity, which is in good agreement with experimental data (see Figure 1).



Figure 1 highlights that laminar flow is more efficient than turbulent flow, as less resistance is observed. Turbulent flow requires additional driving pressure to reach a given flow rate due to higher energy losses.





4. Breathing and Inhaling Mixtures of Helium and Oxygen


4.1. Reduction in the Work of Breathing


The estimations of the Reynolds numbers in the respiratory tract show that the flow is moderately turbulent in the upper airways and becomes laminar after a few generations of airway bifurcations [34,38,39]. As calculated in Section 2, the viscosity of oxygen and helium mixtures is slightly larger than that of air, while its density is lower. Thus, the transition to turbulence for such a gas mixture occurs at a larger average velocity:


     V  t r a n s i t i o n    (  m i x  )       V  t r a n s i t i o n    (  a i r  )      =    μ  m i x      ρ  m i x     /    μ  a i r      ρ  a i r     =    ν  m i x      ν  a i r      



(29)







Table 6 shows the values of this ratio for a selection of gas mixtures at 37 °C. Replacing nitrogen with helium leads to a significant increase in the average velocity at the transition to turbulence by a factor of about 2 to 3. According to Figure 1, the resistance to flow, at a given respiratory rate, will therefore decrease since the linear regime is shifted towards larger flow rates. The presence of xenon, which is notably used in anesthesia, leads to the opposite results, and additional work of breathing (WOB) is required.



Reduced turbulence is the explanation most often cited for the advantage of breathing oxygen–helium mixtures [40,41,42,43,44,45,46,47,48,49]. In the turbulent regime, the pressure drop is reduced, in agreement with Equation (28), for a gas mixture with a density lower than that of air. The complexity of the respiratory tree and a large number of bifurcations, bends, changes in cross-section, etc., suggest that singular losses may not be negligible, even in the laminar regime. These singular losses, which cause the respiratory gas to accelerate or decelerate, depend on the kinetic energy and thus the density:


     (  Δ p  )   m  =  1 2  ρ  V 2  K  



(30)




where      (  Δ p  )   m    is the pressure drop induced by a singular or minor loss. A careful analysis of the impact of these singular losses was carried out by Katz et al. [38]. It was shown that up to generation 10, for a Reynolds number of about 60 with air, significant inertial losses can be observed. This result, which suggests that helium also reduces flow resistance in the laminar regime, is consistent with theory and other research, particularly in the field of passive flow control for medical applications, where minor losses in the laminar regime must be taken into account to obtain the desired constant flow rate [50,51,52,53,54,55]. The importance of these inertial losses in respiratory mechanics has also been reported in other studies [56,57,58,59,60].



Today, helium–oxygen mixtures are mainly used for patients with obstructions of the upper airways, including the intrathoracic airways and inducible laryngeal obstruction (iLO) [61,62]. Other recognized clinical uses for lower-airway-obstructive diseases include acute asthma, bronchiolitis, and chronic obstructive pulmonary disease (COPD), particularly for improving exercise tolerance in patients with COPD [48,63,64]. However, there is insufficient evidence to support the use of helium–oxygen mixtures to treat acute exacerbations of COPD in either ventilated or non-ventilated patients [42,48,65]. From a clinical point of view, helium, by diminishing the respiratory frequency and work of breathing, unloads the respiratory muscles, i.e., the diaphragm, the ribcage muscles, and the abdominal muscles. The benefits of breathing helium–oxygen mixtures can be seen after just one hour of treatment [48,62]. It is important to note that helium is not an active drug. This is a “bridge therapy” that mainly relieves the patient’s respiratory effort while waiting for the curing of the pathological obstruction using antibiotherapy, bronchodilators, or steroids [48]. Other applications of helium as a diagnostic tool in respiratory care have recently been investigated in several clinical trials. Recent studies have shown that hyperpolarized helium 3 MRI lung scans can help to identify patients at risk of progressing from asthma to fixed airflow obstruction and COPD [66,67].




4.2. Improved Diffusivity


As reported in Table 4, the improved diffusivity of carbon dioxide in mixtures of helium and oxygen, by comparison with air, suggests that such therapeutic gases may improve the elimination of     CO  2    and reduce the risk of hypercapnia [68,69,70]. To explain the observed benefit of breathing helium in terms of reducing the partial pressure of carbon dioxide,     PaCO  2   , there is still a lack of clinical data to determine which is the most relevant parameter between molecular diffusion and the reduction in the work of breathing that notably reduces the production of     CO  2    [69,71].



Improved diffusivity is also a factor that may also have, together with the reduction in the flow resistance, a positive impact on the regional deposition of inhaled particles [59,72]. Physical processes that affect the efficiency of particle deposition are discussed by Katz et al. [73]. Three-dimensional imaging has shown deeper and more homogeneous deposition distributions with helium–oxygen mixtures than air, and this result is supported with CFD results. Here again, the results of clinical trials are mixed, and no consensus has been reached despite many positive results [49,59,74,75,76,77].




4.3. Thermal Effects


A typical misconception associated with the use of helium in respiratory care is its hypothetic hypothermic effect, probably due to the large value of its specific or mass heat capacity, which is the molar heat capacity divided by the molecular weight of the substance. For a given inspired volume of a helium–oxygen mixture, the small mass of helium compared to that of oxygen balances this large value of the mass heat capacity. As discussed in Section 2, all monoatomic gases indeed have the same molar heat capacity. Thus, the molar heat capacity of a gas mixture that is considered an ideal gas shall be considered here. The gases entering the lungs are heated to 37 °C and saturated by water vapor, with the absolute pressure remaining approximately constant during breathing. The amount of heat transferred to the inspired gases during inspiration is proportional to the number of gas moles and thus the gas volume, the molar heat capacity of the gases, and the difference in temperature between the lung and outside. As reported in Table 3, a gas mixture of oxygen and helium is rather slightly hyperthermic compared to air. Replacing He with another noble gas does not change this trend. During respiration, the large conductivity of helium only contributes to the thermalization rate since the final temperature of 37 °C is fixed. For a patient breathing a helium mixture with a mask, the large thermal conductivity of helium, coupled with convection effects, may generate a cool sensation if the gas is not warmed enough. Also, when the patient is surrounded by helium at a low temperature, the same effect may generate hypothermia via skin heat loss [8,78,79].





5. Conclusions


Helium’s properties, particularly its low density and high safety profile, make it an attractive solution for adjunctive therapy in respiratory care, including the exacerbation of asthma, bronchiolitis, ARDS, and COPD. The use of helium–oxygen mixtures was also considered to enhance aerosol delivery to the lung periphery and facilitate weaning from mechanical ventilation [80]. Despite a solid theoretical rationale and promising indications obtained during clinical trials over decades, there is currently no consensus for the use of helium–oxygen mixtures in clinical routines, and the place of helium in respiratory care remains unclear. Conflicting clinical studies may result in a too broad enrolment criterion combined with a limited sample size. Studies have suggested that the location of broncho-restrictions may significantly change the effectiveness of helium in reducing the work of breathing. If the main flow restriction is in the lower bronchioles or distal generations, wherein the flow is non-inertial, helium will not provide significant benefits [81]. Helium probably deserves a large cohort control study that considers, during inclusion or at least during the analysis of the significance of the results, the exact locations of the airway restriction in the respiratory tree. This type of trial would help to confirm the theoretical expectations about the potential benefits of helium as an adjunct therapy in patients with pathological restrictions located in regions of the lungs wherein the flow is inertial (  R e ≫ 1  ).
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Figure 1. Typical evolution of the pressure drop in a duct as a function of the average velocity during the transition from laminar to turbulent flow. 
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Table 1. Molecular weight and density derived from Equation (1) of a selection of gases used in respiratory care and anesthesia.
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Gas

	
M

	
Density 0 °C

	
Density 20 °C

	
Density 37 °C




	

	
     g  /  m o l     

	
     g  /   m  3     

	
     g  /   m  3     

	
     g  /   m  3     






	
   Air   

	
28.96

	
1292.8

	
1204.6

	
1138.5




	
    N 2    

	
28.01

	
1250.6

	
1165.2

	
1101.3




	
    O 2    

	
32.00

	
1428.5

	
1331.0

	
1258.0




	
    N 2  O   

	
44.01

	
1964.8

	
1830.7

	
1730.3




	
   He   

	
4.00

	
178.7

	
166.5

	
157.4




	
   CO   

	
28.01

	
1250.4

	
1165.1

	
1101.2




	
     CO  2    

	
44.01

	
1964.7

	
1830.6

	
1730.2




	
   Xe   

	
131.30

	
5861.5

	
5461.4

	
5161.9




	
    He    78    %   O   2    22 %   

	
10.16

	
453.6

	
422.7

	
399.5




	
    He    70    %   O   2    30 %   

	
12.40

	
553.6

	
515.8

	
487.5




	
    He    50    %   O   2    50 %   

	
18.00

	
803.6

	
748.7

	
707.7




	
    Xe    70    %   O   2    30 %   

	
101.51

	
4531.6

	
4222.3

	
3990.7




	
    Xe    35  %   He    35    %   O   2    30 %   

	
56.96

	
2542.6

	
2369.1

	
2239.1











 





Table 2. Lennard–Jones parameters [26].
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Gas

	
   σ   

	
     T ϵ     

	
   M   




	

	
Å

	
   K   

	
g/mol






	
   He   

	
2.576

	
10.2

	
4




	
   Air   

	
3.617

	
97

	
28.97




	
     CO  2    

	
3.996

	
190

	
44.01




	
   CO   

	
3.59

	
110

	
28.01




	
    O 2    

	
3.433

	
113

	
32




	
    N 2    

	
3.667

	
99.8

	
28.01




	
    N 2  O   

	
3.879

	
220

	
44.01




	
   Xe   

	
4.009

	
234.7

	
131.3











 





Table 3. Properties of a selection of gases used in respiratory care (heat capacity values of pure gases retrieved from [29].
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Gas

	
Cp,m

	
Cp,m (gas)/Cp,m (air)

	
Cp

	
μ (20 °C)

	
μ (37 °C)

	
k (20 °C)

	
k (37 °C)

	
ν (20 °C)

	
ν (37 °C)




	

	
J/(mol.K)

	
/

	
J/(g.K)

	
μPa.s

	
μPa.s

	
mW/(m.K)

	
mW/(m.K)

	
mm2/s

	
mm2/s






	
Air

	
29.2

	
1.00

	
1.008

	
18.1

	
18.9

	
26

	
27

	
15.03

	
16.60




	
    N 2    

	
29.1

	
1.00

	
1.039

	
17.5

	
18.1

	
25

	
26

	
15.02

	
16.43




	
    O 2    

	
29.4

	
1.01

	
0.919

	
20.3

	
21.1

	
26

	
27

	
15.25

	
16.77




	
    N 2  O   

	
38.6

	
1.32

	
0.877

	
14.55

	
15.4

	
17

	
18

	
7.95

	
8.90




	
   He   

	
20.8

	
0.71

	
5.197

	
19.5

	
20.6

	
153.5

	
159.6

	
117.13

	
130.91




	
   CO   

	
29.1

	
1.00

	
1.039

	
17.4

	
18.2

	
26.1

	
27.3

	
14.93

	
16.53




	
     CO  2    

	
37.1

	
1.27

	
0.843

	
14.7

	
15.5

	
16.2

	
17.6

	
8.03

	
8.96




	
   Xe   

	
20.8

	
0.71

	
0.158

	
22.6

	
23.8

	
5.4

	
5.7

	
4.14

	
4.61




	
    He    78    %   O   2    22 %   

	
22.7

	
0.78

	
2.233

	
21.5

	
22.55

	
105

	
109

	
50.87

	
56.45




	
    He    70    %   O   2    30 %   

	
23.4

	
0.80

	
1.885

	
21.6

	
22.6

	
92

	
95.1

	
41.87

	
46.35




	
    He    50    %   O   2    50 %   

	
25.1

	
0.86

	
1.394

	
21.4

	
22.3

	
66

	
68.2

	
28.58

	
31.51




	
    Xe    70    %   O   2    30 %   

	
23.4

	
0.80

	
0.230

	
22.8

	
23.9

	
9.6

	
10.1

	
5.40

	
5.99




	
Xe 35% He 35%    O 2     30%

	
23.4

	
0.80

	
0.410

	
23.7

	
24.8

	
34.3

	
35.7

	
10.00

	
11.08











 





Table 4. Binary diffusivities at 1 atmosphere.
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Gas

	
     D  i ,   C  O 2         (  20   °  C   )     

	
     D  i ,   C  O 2         (  37   °  C   )     




	

	
     c    m  2  /  s     

	
     c    m  2  /  s     






	
   He   

	
0.566

	
0.622




	
    N 2    

	
0.146

	
0.162




	
    N 2  O   

	
0.105

	
0.117




	
    O 2    

	
0.146

	
0.162




	
   Air   

	
0.147

	
0.163




	
   Xe   

	
0.082

	
0.091




	
    He    78    %   O   2    22 %   

	
0.346

	
0.383




	
    He    70    %   O   2    30 %   

	
0.304

	
0.336




	
    He    50    %   O   2    50 %   

	
0.232

	
0.257




	
    Xe    70    %   O   2    30 %   

	
0.126

	
0.140




	
    Xe    35  %   He    35    %   O   2    30 %   

	
0.182

	
0.202











 





Table 5. Binary diffusivities at 1 atmosphere.
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