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NONSTATIONARY HEAT EXCHANGE
IN THE TRACHEA OF HUMAN LUNGS

K. M. Aref’ev, E. D. Fedotovich, and UDC 536.24
A. A. Khrushchenko

Calculations of the heat exchange in the trachea of human lungs have been carried out. Unlike other works
in this field, in the present work the authors have taken account of the nonstationarity of the processes, which
is related to the alternation of inhalations and exhalations and the variability of the air flow rates. Nonsta-
tionary changes in the temperature of trachea walls in quiet breathing have been calculated in different cases.

The lungs contain the airways, i.e., the trachea (the trachea is preceded by the nasopharynx and the pharynx),
which branches into two bronchi with their subsequent branchings forming the bronchia tree of the right and left
lungs. Small bronchial tubes (alveolar ducts) contain thin-walled sacs, i.e., alveoli, on the lateral surfaces through
which the gas exchange between oxygen and carbon dioxide and blood occurs. The alveoli form a spongy mass filling
the entire thoracic cavity except for the places occupied by the heart, blood vessels, airways, and esophagus.

In the airways (similarly to the nasopharynx and the pharynx), air is heated or cooled depending on its inlet
temperature. Furthermore, the air becomes saturated with moisture (or excess moisture condenses on channel walls);
the heat of evaporation is absorbed or the heat of condensation is released. In such a manner, mass exchange between
the water vapor (steam) and the air is carried out. This mass exchange is considered below along with heat exchange.

Heat exchange (similarly to mass exchange) in the lungs is of a nonstationary character in view of the non-
stationarity of inhalation and exhalation. Heat exchange in the airways of the lungs as a stationary process has been
considered earlier in detail in many works (for example, [1-4]). In the present work, we attempt to make further re-
finements in considering heat exchange (and mass exchange) in the lungs as a nonstationary process.

The conjugate nonstationary problem of heat and mass exchange of moist air in the trachea channel can be
solved numerically in a two-dimensional formulation. One must take into account changes in the thermal state of the
wall under conditions of flow varying in direction and temperature and moisture content varying with time. Leaving
such a solution for the future, in the present paper we will employ a one-dimensional approximation with the aim of
reveading, in genera terms, the influence of the nonstationary processes of inhalation and exhalation.

The adopted one-dimensional approximation enables us to write the nonstationary equation of heat exchange
in the trachea channdl in the following form:
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Here we disregard metabolic heat release, since it is smal in the lungs [1-3].
After the separation of the variables T and x, the nonstationary equation of heat exchange (at t,, = const) is
reduced to the quadratures
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where 8i,, = tin — tw, tin being the inlet temperature.
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Analogously we write the nonstationary equation of mass exchange for the steam, which will involve the
mass-transfer coefficient 3 instead of the heat-transfer coefficient a. The solution of the mass-exchange equation (at
Y, = const) has the form
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here Zin = Yin— Yw, Yin is the relative partial pressure of the steam at the inlet.

It is natural that the above nonstationary equations and their solutions hold for both inhalation and exhalation.

As the air flow rate changes, each new flow rate is established aong the channel instantaneoudly, in practice
(with the velocity of sound). Solutions (1) and (2) hold within a short time interval after replacement of the old air
by new air entering in inhalation (or going out in exhalation) on the considered portion of the trachea.

The heat and mass exchange is caculated ssmultaneously. To take account of the variability of t, and Y,, we
will employ the zonal method of calculation with constant (average) values of t,, and Y,, inside narrow zones along
the channel length. In view of the degree of approximation of the formulation of the problem, it will suffice to take
the same physical quantities for the mass as for water.

The condensation of the vapor on the wall or, conversely, evaporation from the film of the liquid phase from
the wall surface can substantially influence the supply or removal of heat at the air-liquid film boundary. These proc-
esses adso influence the vapor content of the air flow in terms of the boundary vaue of Y,,. The relation between the
mass exchange and the flow temperature can be direct in the case of formation of a mist in the air (release of heat)
or, conversely, the evaporation of droplets (absorption of heat), which is not observed in the airways of the lungs.
Also, we note that the velocities of the transverse vapor flow to the walls are small as compared to the longitudinal
velocities of moist air; therefore, we can disregard the distortions of the gas boundary layer. As a consequence we can
assume that the coefficients of heat and mass transfer are related by the well-known formula of Bowen

B =D f (Le),
where f(Le) = Le># is the function of the Lewis number.
Thus, we have
Da
B= . 3
AL

In the case of phase transition on the liquid film, the heat flux is released (condensation) or absorbed (evapo-
ration):

M, P
R=rB—=(Y-Yy).
RT
The total quantity of heat given (received) by the wall is determined by the algebraic sum

05 =0y + g ;

here qq is the heat flux caused by convective heat transfer. It follows that the total heat-transfer coefficient determin-
ing the therma state of the liquid film on the wall is also determined by the algebraic sum
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Fig. 1. Change in the velocity of air in the trachea during one interval of
breathing (inhalation—exhalation). w, m/sec; T, sec.

¥

The value of the total coefficient of heat transfer as is frequently determined by the second term (responsible for the
phase transition), which is comparable to or even exceeds a depending on the initial conditions (moisture content and
temperature of the incoming air).

Since the liquid film on the walls is very thin (its thickness is no more than 50-200 um), we will assume
that the film temperature coincides, in practice, with the wall temperature t,,. In determining the relative partial pres-
sure of the vapor at the wall Y,y as a function of the absolute temperature T,, = t,, + 273, we will employ the follow-
ing formula:

K K
InPV,W=K1+_2+?3’ (5)
TW w

where K1 = 11.872, K, = —3836.2, and K3 = -217,060.3. This formula approximates the tabulated values of pressure
(in 10° Pa) for the saturated steam in the temperature range 273-373 K [5].

In accordance with the ideas of otorhinolaryngologists, it had been assumed earlier that the nasopharynx plays
a dominant role in heating or cooling of inhaled air. In accordance with the results of more recent investigations of
pulmonologists, it is assumed that, conversely, the distal portions of the airways are of paramount importance in con-
ditioning the air [2]. Let us calculate heat and mass exchange for the trachea, assuming that air is directly supplied to
the inlet of the trachea and escapes the nasopharynx or the temperature and moisture content of the air after the na
sopharynx are known.

In calculations of the heat exchange in the airway channels, one usually assumes that the temperature of the
wall is equal to the temperature of the blood (see, for example, [4]). The possible dependence of the veocity of the
air a rest in the trachea in inhaation and exhaation is presented in Fig. 1. In inhalation whose total duration is 1.4
sec, the flow rate of the air is nearly constant and it corresponds to the velocity in the trachea wmg = 2 m/sec. The
duration of the exhalation with a variable flow rate of the air is 3.2 sec; in the process of exhalation we have Wy
= -1.5 m/sec. The total time of an inhalation—exhalation cycle is equal to 4.6 sec. At the beginning and at the end of
inhalation, as the air velocity changes, we have taken the values of ¢(t) that correspond to the linear law. To describe
the exhalation curve use is made of both the linear and quadratic laws.

The trachea, whose diameter and length are respectively 0.018 and 0.12 m according to the data of mean-sta-
tistical measurements [6], was subdivided (as has aready been mentioned) into narrow portions along the longitudinal
coordinate; we considered t,, and Y,, to be constant within these portions (the general accuracy of calculation turned
out to be sufficient, see below). Changes in t and Y in the portions were determined from formulas (1) for heat ex-
change and (2) for mass exchange respectively. The literature data on the coefficient of heat transfer a in the trachea
are contradictory; very high values are recommended, among others, in [7]. In our calculations, we took a = 10
W/(mzeg) as the one most corresponding to the calculations from the formula of the Nusselt number as a function
of the Reynolds number in the turbulent regime of flow and to the literature data of model experiments for the tra-
chea. In calculating the wall temperature, we took account, in several approximations, of the removal of heat to the
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Fig. 2. Temperature distributions in the depth of the trachea wall for x =
102 m and a an inlet temperature of air of 20°C and a relative humidity of
76% (thirtieth interval of breathing) for the instants of time: 1) 0.2 sec from
the beginning of inhalation; 2) 1.2 sec from the beginning of inhalation; 3) 4.4
sec from the beginning of inhalation (exhaation). t, °C; y, m

body mass or the supply of it from the mass and especialy the consumption of heat in the nonstationary regime by
heating the wall layer adjacent to the flow (the liquid film and the wall were assumed to be a unit) or the liberation
of heat in cooling the wall. The fact is that the heat capacity per unit volume of the mass is more than 1000 times
higher than that of the air. Therefore, the consumption of heat by nonstationary heating or cooling is relatively large.
To aso take into account the nonstationary heating (or cooling) and remova (or supply) of heat by conduction of the
mass of the surrounding tissue we can employ the solution of the corresponding problem of mathematical physics.
Since the difference in heat capacities per unit volume of the air and the body mass is very great, the nonstationarily
disturbed layer of the mass must be thin. Therefore, in calculating the nonstationary processes, the trachea channel will
be considered to be a flat slot surrounded by a semiinfinite mass. For the latter having the coordinate temperature dis-
tribution tyo(y) at the initial instant of time and then subjected to therma action on the source side of the air with a
temperature tg and a heat-transfer coefficient ay, the coordinate and time temperature distribution in the mass ty(y, 1)
is determined by the formula [8]
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where 3mo(y) = tmo(y) ~to.
The derivative 0t/ 0y is equal to zero only at infinity for this solution.

In the zona calculation, we employ formulas (1)—(5). We make several approximations with the use of for-
mula (6) on each portion; as the initial air temperature we have taken

to= 0, +to V2, @)

where tj, and tyy are the inlet and outlet temperatures determined with account for the solution of the equation of heat
exchange (1) and mass exchange (2). The length of the tracheal portion was taken to be 0.01 m; a twofold (or larger)
further decrease in the portion length leads to a change of about five hundredths of a degree in the air and wall tem-
peratures, which is by no means outside the computational accuracy. We set tyo equal, for example, to 36.7°C irre-
spective of y in the first portion and for the first inhalation after the change of the breathing regime (flow rate,
temperature, and moisture content of the inhaled air). We calculate the temperature distribution in the mass from for-
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Fig. 3. Temperature distribution of air over the trachea length at an inlet tem-
perature of 20°C and a relative humidity of 76%: 1) the first interval of
breathing for an instant of time of 1.2 sec from the beginning of inhaation; 2,
3, and 4) the tenth, twentieth, and thirtieth intervals of breathing for the same
instant of time from the beginning of the preceding inhalation. t, °C; x, m.

Fig. 4. Air-temperature distribution over the trachea length in exhalation: 1) the
tenth interval of breathing for an instant of time of 4.4 sec from the beginning
of the preceding inhalation; 2) the same, the twentieth interval. t, °C; x, m.

mula (6) in reckoning the time from the beginning of the portion. Next, employing formulas (1), (2), and (7), we find
a refined temperature of the air ty in the portion. In the continued approximations, we compare tg and the value ob-
tained in the previous approximation. The calculation is stopped when the temperature coincides accurate to one hun-
dredth of a degree. To calculate the next portion we take the distribution tyo(y) and tij, from the results of the
calculations of the previous portion. In exhalation, the air coming into the trachea is assumed to be heated to body
temperature (36.7°C). The values of tmo(y) are taken from the results of the previous calculations. Analogously we
carry out calculation for the subsequent inhaations and exhaations. We disregard the longitudinal flows of heat over
the trachea wall, since the longitudinal temperature differences in the portions are small as compared to the transverse
differences.

For the above vaue of the coefficient of heat transfer o in the trachea we have calculated (according to the
algorithm described) the air and wall temperatures under different conditions. As an illustration, below we show the
results of such calculations. Figure 2 gives the temperature distributions in the wall for the thirtieth interval of breath-
ing (the time of inhalation and exhalation is taken as the breathing interval). The penetration of a temperature wave
into the mass of the wall does not exceed 1 mm. The temperature of the wall at the beginning of the trachea, on the
source side of the incoming air, decreases (since the incoming air has a lower temperature) during the inhaation and
increases in exhalation. The situation was approximately the same in a qualitative sense for the previous intervals of
breathing, and the penetration depth of a temperature wave did not increase, in practice, from interval to interval. In
the initia intervals, the wall temperature was higher and it gradually decreased due to the cooling by the inhaled cold
air. It should also be noted that the cooling in the initial tracheal portion, after the throat dit, can be larger than is
taken in calculation as a consequence of the turbulization of the inhaled-air flow. Therefore, the temperature changes
of the wall will be stronger but the estimated penetration of the therma wave deep into the mass will not increase
very substantially. We also note that the temperature of the trachea wall was higher in the initia intervals of breath-
ing; therefore, the temperature of the air in inhalation increased more rapidly for the first interval of breathing than for
the subsequent intervals (Fig. 3). The air temperatures in the trachea throughout its length differ little now for the
tenth and twentieth intervals of breathing and they are nearly coincident for the twentieth and thirtieth intervals, which
suggests the stabilization of the process of heating of the air. Figure 4 gives the change in the air temperature aong
the trachea length in exhalation. We can judge from the plot the character of cooling of the air exhaled by the trachea
walls for different intervals of breathing. Figure 5a gives results of the calculations of the temperature walls when air
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Fig. 5. Temperature distribution in the depth of the trachea wall at an inlet
temperature of air of 40°C and a relative humidity of 76%, which corresponds
to the tenth interval of breathing: @) 0.2 sec from the beginning of inhalation
[1, 2, and 3) distance x = 1[10°%, 601072 and 1201072 m]; b) for the instants
of time from the beginning of inhaation [1) after 0.2, 2) 1.2, and 3) 4.4 (ex-
halation)] a x = 10072 m.

with a temperature of 40°C and a relative humidity of 76% comes into the trachea. The given temperature distributions
in the depth of the mass correspond to the tenth interval of breathing at different distances from the beginning of the
trachea. Figure 5b gives the temperature distributions in the wall for several instants of time for the tenth interval of
breathing, also.

We note that the calculation results given in the paper could also have been influenced by the transverse heat
transfer in incomplete cartilaginous rings strengthening the trachea. However, these incomplete rings are comparatively
thin (1.5 mm) and are spaced at 5 to 6 mm. Moreover, their thermal conductivity differs little from the thermal con-
ductivity of the tissue. Thus, the transfer of heat in the incomplete cartilaginous rings is small, and they do not act as
thermal fins.

In closing, we note that the transfer of heat with the blood flow (perfusion heat transfer) can also be of im-
portance in the tissues of the body apart from heat conduction. However, here the blood flow in medium- and large-
diameter blood vessdls plays a dominant role [9, 10], while heat transfer with the blood flow is small. There are no
large blood vessdls at the trachea walls but there is a network of capillaries with a diameter of about 10° m and a
velocity of motion of the blood of (0.5-1.0)[10 ° m/sec [11]. Perfusion heat transfer in such capillaries must be rela-
tively small as compared to the thermal conductivity of the tissue. Nonetheless, calculations of the temperature of the
trachea wall with an unattainably high value of the coefficient of thermal conductivity of the mass were performed for
an obviously exceeded estimate. It is precisely the value of this coefficient that was taken to be tenfold higher than
the vaue taken earlier (0.6 W/(mideg)). According to the results of such calculations, when air with a temperature of
20°C comes into the trachea, the wall temperature increases (by 3 to 4 degrees at the beginning of the traches) be-
cause of the more intense supply of heat from the inside. However, the genera form of the temperature curves re-
mains the same and the depth of penetration of a temperature change into the wall has decreased by only 0.1-0.2 mm
(for the thirtieth interval of breathing). Thus, the penetration depth is a rather stable quantity changing weskly with
conditions. The calculation results given in the paper will little change under real changes in the coefficients of ther-
mal conductivity of the mass and in the heat and mass transfer and the character of breathing (as opposed to that of
Fig. 1). In a quditative sense, the results obtained are of a genera character. In the case of breathing under physical
load, the processes of heat and mass exchange will be more intense, and rough calculations can be carried out accord-
ing to the procedure presented in the paper.

NOTATION

PCp = PvCpv * PairCpair, heat capacity per unit volume of moist air, J/(m3eg); Pv: Par, and p, densities of
the water vapor (steam) and of the dry and moist air, kg/ms; Cpvs Cpair» and Cp, specific heats of the water vapor and
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the air and moist air, J/(mgeg); T, time, sec; X, longitudinal coordinate, m; w, velocity of moist air, m/sec; 9
t—t,, °C; t, running temperature of moist air, °C; t,, temperature of the interior surface of the channel wall, °C; a =
NuA/d, heat-transfer coefficient, W/(mzeg); Nu, thermal Nusselt number; A, thermal conductivity of moist air,
W/(mideg); d, channel diameter, m; Y = P,/P, relative partial pressure of the vapor; P = P, + Py, total pressure of
moist air, Pa; P, and Py, partial pressure of the vapor and dry air, Pa; Y,y = R,w/P; Ryw, partial pressure of the
saturated vapor at the surface temperature, Pa; 3 = NupD/d, mass-transfer coefficient, m/sec; Nup, diffusional Nusselt
number; D, coefficient of diffusion of the water vapor in air, mZI%c; Stmin = 0/ (PCpWmax), minimum value of the
Stanton number, corresponding to the maximum velocity wyg in inhalation or exhalation; K, approximation coeffi-
cients in formula (5); (1) = W(T)/Wmax; V, interna variable in the integral in formulas (1) and (2), which corresponds
to the time, sec; Stpmin = B/Wmax, Minimum value of the diffusional Stanton number; Le = a/D, Lewis number; a,
thermal diffusivity of moist air, mZ/sec; My, molecular mass of the vapor, kg/kmole; R, universal gas constant,
J(kmolelK); T = (T+T,)/2, average temperature of the boundary layer, K; r, latent heat of the water vapor—water
phase transition, JKg; y, transverse coordinate in the semiinfinite mass reckoned from the interior surface of the chan-
nel wal, m; Ay, and an, thermal conductivity and thermal diffusivity of the body mass respectively, W/(mldeg) and
mzlsec; n and &, internal variables in the integrals of formula (6), which correspond to the transverse coordinate, m.
Subscripts: O, initial vaue; v, vapor; air, air; w, wal; m, mass, min, minimum vaue, max, maximum value; D, differ-
ential; in, inlet; out, outlet.
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