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Abstract. A mathematical model of heat and mass transfer in human airways has been developed.
Three—dimensional calculations of the distribution of heat and humidity of inhaled air in the human
bronchial tree have been performed. The modeling has been performed on the basis of the analytical
model of the complete bronchial tree developed earlier by the authors by the numerical method of stage—
by—stage calculation. A comparison with experimental data on heat transfer in lungs shows that the
model describes the change in the air temperature along the bronchial branch quite well. The process
of breathing with a heated helium—oxygen mixture has been considered. This mixture is used to treat
patients with bronchial asthma and COVID-19. It has been shown that the temperature of the heated
helium-oxygen mixture in human lungs decreases faster than that of heated air. The results show that
the thermal effect is observed not in the entire human bronchial tree, but only in the upper airways.
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Introduction

Air is warmed up (or cooled down) and humidified (or excess moisture is condensed on the
bronchial walls) in the human respiratory tract. Violation of this function of human lungs (along
with other factors) can cause respiratory system diseases. Experimental studies of heat transfer
in human lungs are limited in their capabilities [1,2] owing to the complex structure of the human
respiratory tract and methodological difficulties of experimental research.

Modeling the human bronchial tree

The human bronchial tree consisting of bronchi connected by bifurcations (branching, diverg-
ing into two outgoing bronchi) has a complex tree-like structure. To describe the human bronchial
tree, [3] proposed a model of symmetrical dichotomy, where the bronchi in one generation (the
number of bronchial bifurcations) have identical parameters. There are 24 such bifurcations, i.e.,
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the bifurcation parameter of the bronchial tree varies from 0 to 23. The bronchial parameters of
the symmetrical dichotomy model are described by the following expressions [?,7?,?].

The model of [3] ignores the spatial distribution of bronchial tree branches. [7] extended the
one—dimensional Weibel model to a realistic three-dimensional model of the lung. This model
described the rules for constructing a three—dimensional analog of the Weibel model, where the
main rule says that the subsequent bronchial bifurcation rotates by an angle of 90° relative to
the previous one. However, [7] described only the rules for constructing the bronchial tree, but
did not provide a formula for constructing an individual bifurcation.

Previously, the authors developed an analytical technique for analytical construction of the
bronchial tree with symmetrical dichotomy [?,?,?]. Analytical formulas for constructing the
complete bronchial tree were derived. All surfaces of the bronchial tree were coupled with the
second order of smoothness (had no acute angles and sharp edges). Final analytical formulas
allow constructing the human bronchial tree of any complexity (up to alveoli). The numerical
method for step—by-step calculation of air motion in the human bronchial tree was proposed
[?,?,7?]. This methodology allows a sequential calculation of the air flow in a separate complete
branch of the bronchial tree.

Mathematical model of heat and mass transfer in human
lungs

In what follows, we consider the flow of a gas (air and thermal helium-oxygen mixture) in the
human bronchial tree. The air in the bronchial tree is assumed to be incompressible: this is true
due to the small pressure drop in the human lungs (the pressure change in the bronchi during
breathing is about 107> atm).The flow in the human bronchi is considered as laminar [?]. The
temperature of the bronchial wall is constant and equal to the body temperature of 37° C. The
bronchial wall is considered as a "wet wall", and the relative concentration of water vapor on
the wall is equal to unity (saturated vapor concentration). The thermodynamic characteristics
(heat capacity, thermal conductivity, density, etc.) of the gas are assumed to be constant and
independent of the temperature and concentration of water vapor in the gas.

For steady problems, the incoming air flow rate is assumed to be constant during the entire
breathing process (about 1 second). Unsteady problems were solved using the quasi-stationary
method [?]: the inspiratory/exhalatory flow spirometry was divided into N sections, and the gas
flow rate was assumed to be constant in each section.

The heat transfer in the bronchi is described by the Navier—Stokes equations

V.-iv=0,

ov . R 1
pi [8t +(7-V) v} = —Vp+ 1; V27, ()
where ¥ is the gas velocity and p is the gas pressure. The subscript "i" here and below is "a" for
air and "t" for the helium—oxygen mixture, p; is the dynamic viscosity coefficient, and p; is the
density. The bronchial walls are subjected to the no—slip condition

v = 0. (2)
The heat transfer in the bronchi is described by the equation
or; . .
pZCpZ<at+’Uv,_Tl)+qu:TZV’U (3)
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where T; is the temperature, ¢ = —\;VT; is the heat flux due to thermal conductivity, A; is the
thermal conductivity coeflicient, c,; is the specific heat capacity, and 7, = p; (Vﬁ + (V@')T) —

2
Fh (V - ¥) I is the viscous stress tensor.

The moisture transfer in the bronchi is carried out only by diffusion and is described by the

equation

dc; | =

5 +v-Ve;+V-g; =0, (4)
where ¢; is the relative humidity, g; = —DV¢; is the water vapor diffusion flux vector, and

D =2.86-1075 m?/s is the water vapor diffusion coefficient in the gas.
The temperature of the bronchial wall is assumed to be constant. The boundary conditions
on the bronchial wall are
—i-g=H; (Ty —T3), (5)

where T, =37°C is the temperature of the bronchial wall, 77 is the vector of the normal at the
boundary, and q; = —\;VT; is the vector of the conductive heat flux to the isothermal bronchial
wall. The heat transfer coefficients H, and H; are taken from [11] and are calculated by empirical
formulas for circular tubes with water-wetted walls in the laminar flow regime:

by R\
H{" =075 <2Re§">L”> Pro3se(Melm, (6)
The coefficients depend on the number n of the bronchial tree bifurcation. The parameters in

Eq. (6) are defined as follows: Pr; = /M)\Cp ' is the Prandtl number; the radius R,, and length L,

B 75 - lru R,
L - L
ber, egn) =0.1 (7") 14 1.25% is the correction for the hydrodynamic
2Rein R, Rein R,
(n) (n)

stabilization section, 5571) =1+43.54R,, /re ’ is the correction for the tube curvature, and r¢ ' is

of the n—th bronchus are given by [?,7,7], Rel(-n) is the Reynolds num-

the radius of curvature of the tube axis calculated based on the branching angle and bronchial
length. For the bronchial geometry considered here [?], the radius of curvature is equal to

1+ 1. — L
Tﬁ") _ Rn+1( + 1.5cos Xn) R, T n+1 , (7)
1 —cos xn tan xn,

where ,, = 35° for the bronchial model in question.
The bronchial wall is considered a "wet wall." The water vapor concentration at the air-liquid
surface interface is assumed to be 100 %, i.e., on the bronchial wall

i =cCyp = 1. (8)
For the moisture transfer Eq. (4), the boundary conditions on the bronchial wall are
—i-gi = Ki (1 —¢), (9)

where g; = —DV¢; is the vector of the water vapor diffusion flux on the wall.
The mass transfer coefficients K, and K; are taken from [11] and are calculated by empirical
formulas for circular tubes with water-wetted walls in the laminar flow regime

. D o R\ n) (n
Ki( ) = 0.7R— <2Re§ )L) Sc?‘33€§ )€§ ), (10)
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where Sc; = Hi is the Schmidt number.

Pi
The thermodynamic and transport properties of air and the helium—oxygen mixture (20 vol.%

oxygen and 80 vol.% helium) used in the calculations are listed in Table 1. The parameters for
the helium—-oxygen mixture are taken from [12].

Table 1. Thermodynamic and transport properties of air and the helium—oxygen mixture
(20 vol.% oxygen and 80 vol.% helium)

Density Dynamic viscosity | Specific heat | Heat transfer
pi, kg/m? | coefficient u;, Pa-s | capacity cp;, | coefficient \;,
J/(kg'K) | W/(mK)
air (i = a) 1.225 1.7894-107° 1010 0.026
t—-He/O9 (i =t) | 0.377 2.25-107° 2345 0.114

In the work [13,14] obtained an approximate one-dimensional solution for the distributions
of temperature and relative humidity in human lungs (symmetrical dichotomy was taken as a
model of bronchi [3].

A one-dimensional solution [13,14] for the gas temperature is

27 Ry H™ (L(") - ngge)

tree

(n) —oM  (n)
T =T+ (To—Ty)e %, o,/ = 11
i + (To )e 2 Qs (11)
and a solution for the relative humidity is
(n) () _ 7(0)
(n) _ —p™ (n) _ 27TR”KZ (Lt'r‘ee Ltree)
¢, = 1+ (Co — 1) e i ’L/}i = (12)

2-n(Q) ’

where Ty and ¢g are the initial temperature and relative humidity at the entrance to the bronchial
tree, L™ s the length of the bronchial tree from the beginning of the inlet bronchus to the end

tree
to the n—th bifurcation calculated by analytical formulas [?,?].

Calculation methodology for the air flow, heat transfer, and
moisture transfer in human lungs

The numerical methodology for stage-by—stage calculation of the human bronchial tree pre-
sented in [?, 7] is based on the following procedure. One of the branches of the human bronchial
tree constructed according to the method [?,?] is chosen. The air flow, heat transfer, and mass
transfer are calculated sequentially in one bifurcation (starting from the Oth to the 23-rd bifur-
cation). The inlet of the next bifurcation is subjected to the conditions of velocity, temperature,
and humidity fields, as well as the pressure at one point at the inlet from the calculation of the
previous bifurcation. The known flow rate @Q / 27*1 is set at the bifurcation outlet. Thus, 24
steps (the bifurcation number varies from 0 to 23) are needed to calculate one branch of the
bronchial tree. According to the bronchial tree construction technique [?,?], a similar solution
would be obtained for any other bifurcation of the same generation n. In this case, only the
velocity vector is rotated in accordance with the branch geometry.
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Calculation results of heat and moisture transfer in
the human bronchial tree

Numerical calculations of the flow in the human bronchial tree were performed. Fig. 1 show
the calculated profiles of steady inhalation of hot air (Ty = 96°C) with the relative humidity
¢o = 0.2 and the flow rate @ = 24 1/min. The symmetry of the flow, pressure, temperature, and
humidity in the left and right outlet bronchi is clearly visible from the figure. Such symmetry is
obtained for all calculated bronchi, which confirms the validity of the stage-by—stage calculation
of the bronchial tree and the concept of constructing the bronchial tree [?,7?]. As a result, it is
possible to avoid calculations in the entire bronchial tree (the total number of branches of the
bronchial tree is 223): the results calculated for one branch can be transferred to any other branch.
This concept allowed pioneering calculation of the entire tree, up to the 23-rd bifurcation [?,?].

m/s atm
A31s A 1.00001

v’s 318 1.00001
2.86 1.000003

254 0.999995

2.23 0.999987

191 0.99998

159 0.999972

1.27 0.999964

0.95 0.999957

0.64 0.999949

vo

0.32 0.999941

0.999934
‘¥ 0.9999335

0

Fig. 1. Velocity (a), pressure (b), temperature (c), and relative humidity (d) profiles in the 2-—nd
bifurcation of the bronchial tree

The 3D temperature calculations (numerical solution of Egs. (1), (3), and (4) with the bound-
ary conditions (2), (5), and (9)) were compared with experimental data [1], with 1D solutions
(11), (12), and with 2D solutions [?]. [1] reported results on the measurement of the inhaled air
temperature in human lungs. A flexible probe containing six temperature sensors was developed.
The probe could be safely inserted into the tracheobronchial tree of normal people. This device
was used to record the temperature from the vocal slit (glottis) to the distal bronchi under
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various inhalation conditions. Tawhai in [?] developed a 2D model of heat and mass transfer
in the bronchi using these experimental data as an example. A 2D equation of heat and mass
transfer in a cylinder was solved. It was assumed that the temperature and humidity distribu-
tions over the cylinder cross section, as well as the air velocity, were of the Poiseuille flow type,
each with its own exponent. These exponents were found in the course of the solution. The
bronchial structure was based either on the symmetrical geometry [3] or the anatomical geom-
etry [?]. The temperature distributions in the lungs were compared with the experiments [1]
and calculations [?]. The temperature measurements in [1] and [2] were performed along the
bronchial tree, with the first temperature sensor placed at the beginning of the 0 th bifurcation.
To calculate the temperature and humidity using Egs. (3) and (4), it is necessary to specify
the temperature and humidity distributions at the inlet of the 0-th bronchus. The distributions
of these parameters over the bronchus cross section before the inlet of the 0-th bronchus are
not known. The power—law distribution over the bronchial cross section, as suggested in [1], is
rather controversial (this issue was also discussed in [1]). Therefore, to solve Egs. (3) and (4),
the temperature T and relative humidity ¢ at the tracheal inlet (the initial calculation point
was referred to —120 mm) were set constant over the cross section. This allowed us to minimize
the influence of the initial temperature and humidity distributions on the subsequent bronchi.
The results of the comparison are presented in Fig. 2, which shows the bronchial temperature
T, and relative humidity ¢, of air averaged over the cross section at the outlet of the n-th
bronchus. The parameters at the bronchial inlet are the same as those for Fig. 1. The 1D model
an(d )3D calculation used the same heat transfer coefficients H(S") (6) and mass transfer coefficients
o’ (10).

37 37
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T,=36.5°C
— A —|experiments
—— 2D model
—— 1D model
—&— 3D calculation

0=100 I/min
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Fig. 2. Changes in the inhaled air temperature versus the length of the bronchial tree branch.
The air flow rate is @ = 15 1/min (a) and @ = 100 1/min (b). The relative humidity of inhaled
air is ¢g = 0.8

Fig. 3 shows the results of the experiments [2] on the temperature distribution in the human
bronchi. Here we also present the calculations obtained by the 2D [?], 1D model (11), and the
proposed methodology. As in Fig. 2, the 1D and 2D solutions predict a sharp rise of temperature
as compared to the present model. For the experiments (Fig. 3b), the calculated temperature lies
within the error margin; for the experiments (Fig. 3a), the calculated temperature lies slightly
higher than the experimental values.
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Fig. 3. Changes in the inhaled air temperature versus the bronchial tree branch length at the
air flow rate @ = 4.14 1/min. The inhaled air temperature is Ty = 33.5° C (a) and Tp = 36.9° C
(b). The relative humidity of inhaled air is ¢y = 0.9

Thermal helium—oxygen breathing

A new way to treat COVID-19 patients was developed in a Russian clinic [16]. The method
consists in using a thermal helium—oxygen mixture (thermoheliox — t-He/O3). Thermogeliox
has been used for more than 20 years to treat some lung diseases [16,17]. This method involves
patient breathing of a gas mixture of helium and oxygen (21% of oxygen and 79% of helium)
at temperatures between 75°C and 96°C. The lower density of helium compared to that of air
reduces the breathing resistance. The thermal conductivity of helium is five times that of air,
which speeds up heat transfer in the lungs [11].

Breathing with air and the thermal helium—oxygen mixture at the temperature Ty = 96°C
and relative humidity ¢y = 0.2 at the flow rate @ = 24 1/min was compared. The results of
calculation of the reduced pressure (atmospheric pressure minus the pressure at the bronchus
outlet) in situations of breathing with air and the thermal helium—oxygen mixture are shown in
Fig. 4.

The thermoheliox viscosity is 1.26 times higher than that of air, while the density is three
times lower (Tab. 1). Therefore, the pressure drop for helium increases to a smaller extent as
compared to air. As the length of the bronchus branch increases, the pressure difference between
air and thermoheliox genesis is leveled off. This is due to expansion of the flow in the bronchi.
According to [?,7?,?], for example, the ratio of the bifurcation inlet area to the bifurcation outlet
area is R3/(2R}) = 1.09 for the first bronchi and RE/(2R?) = 0.52 for the last bronchi. Flow
expansion by a factor of two at the last bifurcations significantly reduces the effect of viscosity on
the flow pressure drop. The air and thermoheliox breathing at the gas flow rate @ = 100 1/min
is compared in Fig. 4. In this case, the pressure, temperature, and humidity reveal the same
behavior.

The thermal conductivity of helium is 4.5 times higher than that of air (the heat capacity of
helium is 2.3 times higher than that of air). Therefore, the bronchi are not thermally injured
by breathing a heated helium—oxygen mixture. The temperature distributions of breathing with
air heated to 96°C and the helium—oxygen mixture are shown in Fig. 4b. The calculations show
that the temperature drop in the helium—oxygen mixture occurs much faster than that in heated
air. Cooling of the heated gases (air and helium—oxygen mixture) occurs in the upper parts of
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Fig. 4. Comparison of breathing with air and thermoheliox versus the length of the bronchial
tree branch at the gas flow rate @ = 24 1/min. The inhaled gas temperature is Ty = 96 °C, and
the bronchial wall temperature is Ty = 36.5 °C at the relative humidity ¢y = 0.2. Comparisons
of the relative pressure (a), temperature (b), and relative humidity (c) are presented

the bronchi: in 300 mm of the branch length, the temperature of the heated gases is equalized
with the temperature of the human body. Thus, the thermal effect of the heated helium—oxygen
mixture "works" only in the upper parts of the bronchi and does not reach the alveoli. The
humidity of the helium—oxygen mixture reaches saturation much faster than that of air (Fig. 4c).

Conclusions

Numerical calculations of heat and moisture transfer in human lungs were performed. The
calculations were based on the bronchial tree construction method developed earlier by the
authors and on the method of stage—by—stage calculation of the flow in the bronchi [?,?, ?].
These methodologies allow for sequential calculations of the flow, heat, and moisture transfer
from one bronchus to the next bronchus. Rather simple equations (3) and (4) were taken as
heat and moisture transfer models. In these equations, the processes of heat and moisture
transfer do not affect the dynamics of air motion through the bronchi; moreover, these processes
are independent of each other. These assumptions can be made because the flow velocities,
temperature, and vapor concentrations are rather small. The accuracy of calculations of heat
and moisture transfer is significantly affected by the heat transfer and mass transfer coefficients.
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Due to the lack of the values of these coefficients for the bronchial walls, we took the coefficients
for water—wetted bent round tubes. However, even in such a simple formulation, our numerical
solutions agree quite accurately with experimental data on heat transfer in human lungs (Figs. 2
and 3).

Three-dimensional numerical calculations of the air flow, thermal helium—oxygen mixture,
and drops of medical aerosol in the complete (up to the alveoli) human bronchial tree were
carried out. The available calculations were limited to the 15-th bifurcation (out of 23 lung
bifurcations) [18]. To calculate the deposition of drug aerosols, a calculation up to the terminal
alveoli of the human lung is necessary, because the deposition of drug aerosols occurs mostly up
to the 21-st or 22-nd bifurcation. Breathing of a heated helium—oxygen mixture was calculated.
It was shown that the patient needs to spend 15% less effort for breathing the thermal helium—
oxygen mixture (compared to breathing of air). It was shown that the thermal effect (excess
of the human body temperature) of the heated helium-oxygen mixture is observed only in the
upper part of the bronchi (up to the 9-th bronchial bifurcation).

The research was carried out within the state assignment of Ministry of Science and Higher
Education of the Russian Federation.
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TpexmepHoe Moae/IMpoOBaHNIE TEIJIOOOMEHa W BjaroobmMeHa
B OpPOHXMAJIbHOM JiepeBe 4YeJIOBEKa

Aunekceii E. Measenesn

ITosmuaa C. I'osblieBa
MucruryT Teopernyeckoit u npukiagaoit mexanuku uMm. C. A. Xpucruanosuua CO PAH
Hosocubupck, Poccniickass ®eneparust

Awnnoranusi. Pazpaborana MareMaTHdeckasi MOJIETb TEINJIOMACCOEPEHOCA B JIbIXATENbHBIX MyTIX Ue-
snoBeka. lIpoBeeHbl TpexMepHble pacyeThl pacHpeie/ieHus] TeIIa W BJIAYKHOCTU BIBIXAEMOTO BO3IYyXa
B OpOHXHMAJILHOM JiepeBe 4dejioBeka. MojeaupoBaHue IpOBOJIMIJIOCh Ha OCHOBE pa3paboTaHHON paHee aB-
TOpaMU aHAJUTUIECKON MOJE/N MOJTHOrO OPOHXMAJBLHOIO JepeBa M0 YUCIEHHON METOJUKE MO3TAITHOTO
pacdera. CpaBHEHNE C SKCIEPUMEHTATHLHBIMY JTAHHBIMA IO TEILIOOOMEHY B JIETKHX ITOKA3aJI0, 9TO MO-
J1eJIb JJOCTATOYHO XOPOIIIO OIKUCHIBAET U3MEHEHHE TeMIIEPAaTyPhl BO3/yXa 110 JJInHe OPOHXUAJIBHON BETKU.
Paccvorpen mporece jibixanust pa3orperoil reJimii—KuCIOPOIHOM CMeChio. DTa CMeCh UCHOJIb3YeTCs JIJIst
Jedennss 60abHBIX ¢ OpomxmasbHOil actmoit m COVID-19. Ilokazano, 9T0 TOHM>KEHWE TEMIIEPATYPbI
pPa30rperoil reJIuii—KUCJIOPOHON CMECH B JIETKHUX YeJIOBEKa IIPOUCXOJUT ObICTpee, YeM i Pa3orpeTo-
ro Bozayxa. llosydeHHble pe3yabTaThl MOKA3aM, YTO TEPMUUECKUN (PPEKT HADIIOIAETCST HE BO BCEM
OpPOHXMATBHOM JIEPEBE UETIOBEKA, & TOJBKO B BEPXHUX JIBIXATETHHBIX ITYTIX.

KirroueBsbie ciioBa: 6p0Hx1/1aanoe JA€epeBo, MaTeMaTUuIeCKOoe MOoJeJIMpOBaHue, JIerKue 1ejIoOBeKa, TeIjio—
n B.Ha,l"OO6MeH7 TEPMOI'€/JINOKC, TepMHuiIeCKasd IeJineBO—KHUCJIOpOJHad CMECh.
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