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MATHEMATICAL SIMULATION OF HEAT TRANSFER 
AND CHEMICAL REACTION IN A SWIRLING FLOW 
OF EQUILIBRIUM-DISSOCIATING GAS

O. V. Matvienkoa,b and P. S. Martynova UDC 533.656:662.969+536.46

Results of investigations of the heat transfer in the swirling turbulent fl ow of dinitrogen tetroxide in a cylindrical 
channel are presented. The equilibrium stage of the dissociation reaction 2 4 2N O 2NO  was considered. It was 
established that the mass fraction of N2O4 in its swirling fl ow is smaller than that in the analogous forward fl ow 
at one and the same distance from the input cross section of the channel. In the case where the fl ow of dinitrogen 
tetroxide is strongly swirled, its intense heating in the zone of reverse fl ows near the channel inlet causes it to 
dissociate. It is shown that an increase in the swirling of a gas fl ow intensifi es the heat transfer in it with increase in 
its Nusselt number.
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Introduction. The study of the heat transfer in liquid and gas fl ows is of importance for different technologies. 
Solutions of problems on the heat transfer in the natural and forced convection fl ows of fl uids in pipes and technological 
apparatus operating under different conditions are presented in [1, 2].

The study of the heat transfer in swirling fl ows takes on great signifi cance because these fl ows are of frequent 
occurrence in practice. A swirling fl ow in a channel has its specifi c features differing it from the analogous forward fl ow 
[3]. A swirling fl ow is characterized by the commensurable axial, radial, and tangential velocities, the longitudinal and 
transverse pressure gradients, the large gradients of the axial velocity in the longitudinal and transverse directions, the 
intensive turbulent pulsations, and the active and conservative actions of the centrifugal forces in it on its turbulence.

Results of experimental and theoretical investigations of swirling fl ows and the heat and mass transfer in them are 
presented in [4, 5]. Experimental investigations on the heat transfer in internal swirling fl ows are described in great detail in 
[6–8]. The results of these investigations show that a local swirling of a fl uid fl ow in a channel intensifi es the heat transfer 
in it, with the result that its heat transfer coeffi cient changes sharply along the channel length [5]. The structure of the fl uid 
fl ow in the immediate vicinity from a swirler in a channel and the heat transfer in it are determined by the method of the 
initial swirling of the fl uid fl ow and by its intensity. At a distance from the inlet of the channel x > ( 0.66 ∗Φ  + 0.44)d Re0.25, 
the heat transfer in the fl uid fl ow and its structure are determined by only the intensity of swirling of the fl ow [5].

The heat transfer in the fl uid fl ow in a pipe with L/d ≤ 100, swirled by an axial vane swirler with a swirling angle 
constant along its height, was investigated fairly comprehensively in [9]. The twist φ of the vanes of the swirler was changed 
from 50 to 78o, and the relative diameter of its central body was 0d  = 0.65–0.83. The experimental data obtained for the 
Reynolds numbers of the fl uid fl ow 105 < Re < 107 were generalized by the equation

 
0.77 3 0.8

in 0Nu 0.026(1 tan ) exp (0.42 Re ) ,d= + ϕ Φ   (1)

where Φ = (umax/umax,in)0.8 is the parameter accounting for the change in the maximum axial velocity of the fl uid fl ow 
along the length of the pipe. As the determining size of the swirling fl uid fl ow at a certain cross section of the pipe, the 
distance from this cross section to the swirler x was used, and the determining temperature of the problem was the average 
temperature of the fl uid fl ow at the indicated cross section Tav. The Reynolds number of the fl uid fl ow in the pipe was 
determined by its maximum axial velocity umax at cross section x. At φin = 0, expression (1) changes to the equation for the 
axial fl ow downstream of the bluff body in the pipe.
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The local heat transfer in the air fl ow in a pipe of length equal to its 12 diameters, swirled by an axial vane 
swirler with a central body of radius 0r  = 0.47, was investigated in [4], and the following equation has been obtained for 
3·104 < Re < 1.5·106 and 15o < φin < 60o:

 
0.8 0.4

t NuNu 0.029 Re Pr ,x = ε ε   (2)

where 1.6
t w(2/(1 / ))T Tε = +  is the nonisothermality function, and the function εNu = 1 + 0.780.44 ∗Φ  characterizes the 

infl uence of the swirling of the fl ow on the local heat transfer in it (here, Φ∗ represents the current value of the Heeger–Baer 
integral swirling parameter).

The investigations of the heat transfer in the swirling fl uid fl ow in a channel, performed in [10, 11], have shown 
that the heat transfer to the wall of the channel in its initial region increases with increase in the swirling of the fl ow, and 
the heat transfer at a large distance from the channel inlet is decreases this case. In the case of swirling of a fl uid fl ow in a 
channel with a volumetric heat source of constant intensity, the heat transfer in the fl uid fl ow decreases with increase in the 
swirling of the fl ow throughout its region.

To date a large number of experimental data on the heat transfer in the swirling fl ows of chemically inert fl uids in 
channels has been accumulated, and numerous correlations have been proposed for concrete swirlers and fl ow conditions. 
However, the problems on the heat transfer in swirling fl ows of reacting fl uids are as yet imperfectly understood and call for 
further complex investigations [12].

The study of the heat transfer in chemically reacting fl uids is closely related to the problems on optimization of 
chemical technologies [13–20]. It is known that the use of reacting endothermic media for the heat carriers in different 
apparatus makes it possible to substantially increase the heat transfer in them compared to the heat transfer provided by 
inert heat carriers [21–23]. In [24, 25], calculation-theoretical investigations of the properties of a number of dissociating 
substances have been performed, and it was proposed for the fi rst time to use dinitrogen tetroxide (N2O4) for the heat-
transfer agent in an atomic power plant (APP) with a fast reactor. The experimental and theoretical investigations of the 
thermophysical properties of N2O4, performed in [26, 27], have shown that this substance can be used to advantage in the 
nuclear power engineering. In [15, 28, 29], the heat transfer in fl ows of N2O4 was investigated, and relations for calculating 
the heat transfer in such fl ows with a chemical reaction have been proposed. It was shown that the use of N2O4 for the heat-
transfer agent in an APP with a gas-cooled fast reactor makes it possible to simplify the design of the APP compared to that 
of analogous APPs operating with other heat-transfer agents [30–32].

The reaction of dissociation of dinitrogen tetroxide proceeds in the two stages: N2O4  2NO2  2NO + O2. In the 
case where N2O4 is heated, the fi rst stage of its dissociation reaction proceeds rapidly and can be considered as equilibrium 
[33, 34], and the second stage of this reaction proceeds with a fi nite rate. The heat transfer processes taking place under the 
indicated conditions can be considered separately for each of the dissociation reaction stages [35].

The aim of the present work is numerical investigation of the infl uence of the swirling of the fl ow of an equilibrially 
dissociating gas (dinitrogen tetroxide) in a cylindrical channel on the heat transfer in it.

Mathematical Model. The structure of the axisymmertic fl ow of dinitrogen tetroxide in a cylindrical channel was 
defi ned by the two-dimensional Reynolds equations for the time-averaged axial, radial, and tangential velocities of the gas 
fl ow and its pressure p [36]:
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The turbulence characteristics of the gas fl ow were investigated using the Menter combined k–ε model of turbulence 
[38, 37]:
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The intensity of the shear deformations of the gas fl ow (the second invariant of the rate-of-strain deviator) was determined 
by the expression

2 2 2 2 2 2/2 .u v v u v w w rG r
x r r r x x r
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The limiter G  = min [μtG, 20Cμρωk] was introduced into Eq. (7) for calculating the energy of turbulence generation. The 

last term in Eq. (8) defi nes the crossed diffusion Ckω = 2ρσω2ω–1 k k
x x r r
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. The function of mixing of the gas in 

the channel and its argument were determined by the relations
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The above-described model of turbulence of a gas fl ow in a channel was modifi ed by introduction, into it, the 
correction function F2 = max [min [ frot, 1.25], 0] accounting for the swirling of the fl ow [39]. This function was calculated 
using the dependences [40]
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The components of the strain-rate and vorticity tensors of the gas fl ow were determined by the relations
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For a stationary axisymmetric gas fl ow, the substantive derivative of the strain-rate tensor components has the form
ijD

Dt
ε

 = ij iju v
x r

∂ε ∂ε
+

∂ ∂
. The effective viscosity of the gas fl ow was determined as the sum of its molecular (μ) and turbulent  

(μt) viscosities: μeff = μ + μt. The turbulent viscosity of the gas fl ow was determined by the known values of the coeffi cients 
k and ω in the SST model with the use of the expression based on the Bradshaw hypothesis [40] for the proportionality of the 
shear stress of the gas fl ow in the boundary layer near the wall of the channel to the energy of the turbulent fl ow pulsations: 
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5
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. The empirical function F7 was calculated by the formula
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The empirical constants were expressed in terms of the corresponding constants of the k–ε and k–ω models with 
the use of the function F1:

1 1 1 2 1 1 1 2 1 1 1 2(1 ) , (1 ) , (1 ) .k k kF F F F C F C F Cω ω ω β β βσ = σ + − σ σ = σ + − σ = + −

Here, the subscripts 1 and 2 are related, respectively, to the constants of the k–ε and k–ω models: σk1 = 0.85, σω1 = 0.5, 
Cβ1 = 0.075, σk2 = 1, σω2 = 0.856, and Cβ2 = 0.0828. The values of the other constants were selected in accordance with the 
recommendations given in [37–39]: γ = 0.31, Cμ = 0.09, Cξ1 = 1, Cξ2 = 2, Cξ3 = 1, and κ = 0.41.

The heat transfer in the gas fl ow in the channel was simulated using the equation for the heat conductivity of the 
gas with regard for the chemical reaction proceeding in it [15, 29]:
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The effective thermal diffusivity of the gas was determined by the relation λeff = t

tPr Pr
μ μ

+ . It was assumed that the Prandtl 

turbulence number is equal to Prt = Cpμt/λt = 0.7, and the heat released in the chemical reaction proceeding in the gas fl ow 
comprises Q = –624 kJ/kg [41]. The rate of an equilibrium chemical reaction was determined by the expression
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The concentration of dinitrogen tetroxide in its fl ow with an equilibrium chemical reaction was determined by the 
equality of the rates of the direct and inverse chemical reactions in the fl ow: 
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where 2 4N OM , 2NOM  = 1 – 2 4N OM , 2 4N OW , and 2NOW  are the mass fractions and molar masses of dinitrogen tetroxide and 
nitrogen oxide (NO2) in the gas fl ow, respectively. The equilibrium constant of the chemical reaction, expressed in terms of 
the mass fractions of the reagents, was determined by the expression [42]
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The temperature dependence of this constant was defi ned by the Van′t Hoff isobar equation
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Integration of (13) gives the dependence of Kp on the temperature
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where Kp0 = 14.29 KPa at T0 = 298 K. The density of the gas ρ was determined by the equation for its state
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 (15)

The velocity, temperature, and turbulence parameters of the gas fl ow at the inlet of the channel were determined 
by the relations

in in inTu( )2 2 1/2
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R ω
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where Cω = 5, and Ro determines the angular velocity of the gas fl ow: ϕ  = Rouin/R [3, 43]. The boundary conditions at the 
outlet cross section of the channel (x = L) have the form

0 , 0 , 0 , 0 , 0 , 0 .u w k Tv
x x x x x

∂ ∂ ∂ ∂ω ∂
= = = = = =

∂ ∂ ∂ ∂ ∂

At the axis of the channel (r = 0), the symmetry conditions
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were set. It was assumed that the adhesion and ideal heat conduction conditions are fulfi lled at the walls of the channel 
(r = R) and that the kinetic energy of turbulence at them is equal to zero:

w, 0 , 0 , 0 , 0 , .r R u v w k T T= = = = = =

The frequency of turbulent pulsations of the gas fl ow was determined at the fi nite-difference mesh node, nearest to 
the channel wall, with coordinate rnw by the formula
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C
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μ
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ρ −

where C1 = 80.
Method of Solution of the Problem. Equations (3)–(9) were solved numerically by the method of fi nite volumes 

[44] on a staggered mesh whose nodes for the axial and radial velocity components of the gas fl ow in the channel were 
positioned at the center of the faces of the control volumes of the scalar quantities. This mesh had 2000 nodes in the axial 
direction and 1700 nodes in the radial direction. Near the walls of the channel and in the regions of the gas fl ow with large 
velocity and concentration gradients, the mesh was bunched.

The equation of continuity of the gas fl ow in the channel was solved using the SIMPLEC algorithm [45]. Iterations 
were considered as converged when the quadratic mean error in determining all the variables was not larger than 1%. For 
estimating the accuracy of calculations, they were tested on a sequence of bunching meshes. These tests have shown that a 
decrease in the steps of the base mesh along the axial and radial coordinates by two times leads to a change in the values of 
the main variables by no more than 1%.

Results of Mathematical Simulation. A numerical investigation of the infl uence of the swirling of the fl ow of 
an equilibrially dissociating gas (dinitrogen tetroxide) in a cylindrical channel on the structure of this fl ow and the heat 
transfer in it has been performed. Figure 1 shows radial distributions of the tangential velocity of the gas fl ow in the channel, 
calculated for different Rossby numbers. In the case of weak or moderate swirling of the gas in the channel its fl ow at the 
axis of the channel and in its peripheral regions is quasi-solid with a linear tangential-velocity profi le. When the gas in the 
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channel is swirled strongly, the distribution of the tangential velocity of the gas fl ow along the channel axis is not linear, 

which points to the fact that in the gas fl ow there appear shear stresses determined by the relation effr
w w
r rϕ

∂⎛ ⎞σ = μ −⎜ ⎟∂⎝ ⎠
.

As the swirling of the gas fl ow decreases with distance from the inlet of the channel, the profi le of its tangential velocity 

becomes linear. Near the wall of the channel there arises a boundary layer in which the tangential velocity of the gas fl ow is 
decreased. In this case, the tangential velocity of the gas fl ow at the wall of the channel is equal to zero, which is explained 
by the adhesion of the gas to the channel wall because of its viscous interaction with this wall. As the swirling of the gas 
fl ow at the inlet of the channel increases (with increase in the Rossby number) the tangential velocity of the gas fl ow in the 
channel increases throughout its cross section.

The radial distributions of the tangential velocity of the gas fl ow in the channel at its different cross sections are 
shown in Fig. 2. The swirling of the gas at the inlet of the channel was simulated on the assumption that its rotation is quasi-
solid with the result that the linear profi le of the tangential velocity of the gas fl ow at the channel inlet has been obtained. 
The tangential fl ow velocity decreases downstream because of the action of the viscous forces. As the swirling of the gas in 
the channel decreases, the radial coordinate of the gas fl ow with a maximum tangential velocity shifts to the central region 
of the channel. The results of calculations show that, at a distance x/R = 0.88Re0.25Ro from the inlet of the channel, the 
swirling of the gas fl ow degenerates, and it becomes forward.

A weak swirling of the gas in the channel (Ro < 4) insignifi cantly decreases the velocity of its fl ow at the axis of 
the channel and in its central zones. In the case where the gas in the channel is swirled strongly (Ro > 4), the velocity of 
the gas fl ow at the wall of the channel is increased because of the movement of the gas from the central part of the channel 
to its wall. Near the wall of the channel there arises a zone in which the radial distribution of the axial velocity of the gas 
fl ow has a local maximum, and the radial distribution of the axial velocity of the gas fl ow near the axis of the channel has 
a minimum (Fig. 3).

In the case where the gas in the channel is swirled strongly (Ro > 10), the depth of the dip of the velocity curve of 
the gas fl ow in the neighborhood of the channel axis increases, which points to the formation of a reverse fl ow zone.

Figure 4 shows the temperature isolines of the fl ow of a chemically inert gas in a cylindrical channel, calculated for 
different degrees of swirling of this fl ow. It is seen that, near the wall of the channel there is a region where the temperature 
of the gas changes sharply. The temperature in the core of the gas fl ow in the initial region of the channel takes constant 
values equal to the initial temperature of the gas fl ow. In this region of the channel there is no heat exchange between the 
gas and the channel wall. As the distance from the inlet cross section of the channel increases, the near-wall layers of the gas 

Fig. 1. Radial distribution of the tangential velocity of the chemically reacting gas fl ow 
in a cylindrical channel at uin = 10 m/s, Tin = 300 K, Tw = 600 K, and x = 0.5 m: 
1) Ro = 4; 2) 8; 3) 12; 4) 16.

Fig. 2. Radial distribution of the tangential velocity of the chemically reacting gas fl ow 
in the channel at uin = 1 m/s, Ro = 8, Tin = 300 K, and Tw = 600 K: 1) x = 0 m; 2) 0.2; 
3) 0.4; 4) 0.8.
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are heated and, therefore, along with the dynamic boundary layer, a temperature boundary layer is formed in the gas fl ow. 
The thickness of the temperature boundary layer increases with increase in the distance from the inlet of the channel and, at 
a large distance from it, this layer reaches the axis of the channel. However, the heat exchange process is not completed at 
this point. The temperature of the gas will change downstream as long as it is equal to the temperature of the channel wall.

The temperature fi elds of a forward gas fl ow in a cylindrical channel and of a weakly swirled one (0 < Ro < 2) are 
similar. An increase in the intensity of swirling of the gas fl ow in the channel (with increase in its Rossby number) leads to 
an increase in the thickness of the temperature boundary layer of the fl ow. At Ro > 4, the boundary layer occupies the whole 
region of the fl ow at a fairly close distance from the inlet of the channel. A further increase in the swirling of the gas fl ow 

Fig. 3. Radial distribution of the axial velocity of the chemically reacting gas fl ow in the 
channel at uin = 1 m/s, Tin = 300 K, Tw = 600 K, and x = 0.5 m: 1) Ro = 0; 2) 4; 3) 8; 
4) 12; 5) 16.

Fig. 4. Isotherms of the chemically inert gas fl ow in the channel at uin = 1 m/s, 
Tin = 300 K, Tw = 600 K: a) Ro = 0; b) 8; c) 16.
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Fig. 5. Isolines of the mass fractions of the chemically reacting gas (a) and isotherms (b) in 
the fl ow of this gas in the channel at uin = 1 m/s, Tin = 300 K, Tw = 600 K, and Ro = 0 (I), 
8 (II), and 16 (III).
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causes the coordinate of the joint of the boundary layers in it to shift to the inlet cross section of the channel. When the gas 
is swirled strongly, in the channel there arise circulating fl ows, due to which, the heated gas masses at the cross sections of 
the channel, located at large distances from its inlet, move upstream and aid in the heating of the gas fl ow region in which the 
temperature boundary layer reaches the axis of the channel, with the result that the length of this region decreases rapidly.

The heating of the near-wall layers of the fl ow of dinitrogen tetroxide in the channel leads to a shift of its chemical 
equilibrium to the side of formation of dinitrogen dioxide. As a result, the concentration of dinitrogen tetroxide in the near-
wall region of the fl ow decreases substantially, and a concentration boundary layer is formed in it (Fig. 5a). The formation 
of this layer in the chemically reacting gas fl ow is analogous to the formation of a temperature boundary layer in it. The 
thickness of the concentration boundary layer of the gas in the channel increases downstream. An increase in the swirling 
of the gas in the channel leads to an increase not only in the temperature of the gas fl ow near the wall of the channel, but 
also in the temperature of the gas fl ow near the channel axis. Because of this, at one and the same distance from the inlet of 
the channel, the mass fraction of N2O4 in its swirling fl ow is smaller than that in the forward one. It should be noted that, 
in the case where the fl ow of dinitrogen tetroxide is strongly swirled, the intensive heating of it due to its circulation in the 
zone of reverse fl ows leads to the decomposition of N2O4 at a small distance from the inlet of the channel. The infl uence 
of the swirling of the fl ow of the equilibrially dissociating gas on the formation of the temperature fi eld in it is shown in 
Fig. 5b. It is seen from this fi gure that the main mechanisms of the formation of temperature fi elds in the chemically inert 
and chemically reacting gases are identical. However, since the chemical transformation of a gas is an endothermic process, 
the temperature of the near-wall layer in the chemically reacting gas fl ow is lower and the thickness of its temperature 
boundary layer is smaller than those of the inert gas fl ow.

The infl uence of the chemical reaction in the fl ow of dinitrogen tetroxide in the channel on the temperature fi eld in 
it depending on its swirling is shown in Fig. 6. In the initial region of the channel, in which the channel wall exerts no heat 
action on the gas fl ow in it or exerts a minimum action on the gas fl ow, the temperature of the gas is close to its temperature 
at the inlet cross section of the channel. Because of this, in the indicated region of the channel there is no dissociation of the 
heat-transfer agent, and the temperature of the chemically reacting gas fl ow is equal to the temperature of the inert gas fl ow. 
As the fl ow of dinitrogen tetroxide is heated and the reaction of its transformation intensifi es, the temperature difference in 
the gas fl ow increases. The chemical reaction zones in the forward fl ow of N2O4 and in its weakly swirled fl ow (Ro < 2) 

Fig. 6. Temperature differences in the chemically inert and reacting gas fl ows at 
uin = 1 m/s, Tin = 300 K, Tw = 600 K, and Ro = 0 (a), 8 (b), and 16 (c).
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are located near the wall of the channel. Because of this, ΔT takes maximum value at the channel wall. With increase in the 
swirling of the gas fl ow and with heating of its inner layers, the region of maximum values of ΔT shifts to the axis of the 
channel. As the dissociation of dinitrogen tetroxide is completed downstream, the difference between the temperatures of 
the inert and reacting gases decreases.

Figure 7 presents distributions of the average temperature of the inert and chemically reacting gas fl ows, determined 

as av
0 0

R R

T uTrdr urdr= ρ ρ∫ ∫ , downstream from the inlet cross section of the channel. This temperature increases with 

thermal stabilization of a gas fl ow and with its swirling intensifying the convective heat transfer in it. Due to the endothermic 
reaction proceeding in the chemically reacting gas, the average temperature of its fl ow is lower than that of the inert gas. The 
bends of curves 6 and 8 point to the completion of the dissociation of N2O4 and the beginning of the inert heating of NO2.

The changes in the Nusselt numbers of the chemically inert gas and the equilibrially dissociating gase downstream 
from the inlet of the channel is shown in Fig. 8. It is seen that the results of calculations of this changes are in good agreement 
with the corresponding experimental data. The Nusselt number of a forward gas fl ow (Ro = 0) and of a weakly or moderately 
swirled one (Ro < 6) decreases monotonically downstream. This effect is explained by the fact that the temperature gradient 

in the indicated fl ows at the wall of the channel 
r R

T
r =

∂
∂

 decreases with increase in the distance from the channel inlet more 

rapidly than the average temperature of these fl ows increases because the central part of them does not participate in the 
heat exchange. The Nusselt number of a gas fl ow decreases as long as the boundary heat layers in it close up. Then the both 
quantities decrease with equal rates, and the local heat transfer coeffi cient takes a constant value.

As the axial velocity of a swirling gas fl ow in the peripheral region of the channel increases, the heated near-wall 
layers of the fl ow move rapidly downstream, and they have no time to transfer their heat to the inner layers of the fl ow, 
with the result that the heat fl ow in the channel increases. An increase in the rate of the near-wall fl ow at any cross section 
of the channel leads to an increase in the average temperature at this cross section. The last-mentioned factor is deciding in 
determining the infl uence of the swirling of the gas fl ow on the heat transfer in it. It is precisely an increase in Tav of the gas 
fl ow in the indicated region of the channel that leads to an increase in its Nusselt number determined by the relation

 w av

2Nu .
r R

R T
T T r =

∂
=

− ∂  
 (16)

Fig. 7. Change in the average temperature of the chemically reacting gas (full lines) 
and the reacting gas fl ow (dashed lines) in the channel with distance from its inlet at 
uin = 1 m/s, Tin = 300 K, Tw = 600 K, and Ro = 0 (1, 2), 4 (3, 4), 8 (5, 6), and 12 (7, 8).

Fig. 8. Change in the Nusselt number of the chemically inert gas fl ow (full lines) and the 
reacting gas fl ow (dashed lines) in the channel with distance from its inlet at pin = 1 MPa, 
uin = 1 m/s, Tin = 300 K, Tw = 600 K, and Ro = 0 (1–4), 4 (5–7), 8 (8, 9), and 12 (10, 11): 
1) data of [1]; 4) data of [52]; data of [5].
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Thus, an increase in the Rossby number of a gas fl ow in a cylindrical channel causes the Nusselt number of the fl ow 
to increase throughout its region, and the largest heat transfer is realized in the region of the channel where the centrifugal 
forces predominate. The high velocity of movement of the gas in this region results in that the thickness of the boundary 
layer of its fl ow decreases and, therefore, the conditions of heat transfer in it become better. Because of this, an increase in 
the Rossby number of the gas fl ow in the indicated region of the channel leads to an increase in its length with increase in 

both the local heat transfer and the integral one 
0

1Nu Nu d
L

x
L

⎛ ⎞
⎜ ⎟=
⎜ ⎟
⎝ ⎠

∫  in it. As the swirling of the gas fl ow degenerates, its 

Nusselt number takes values equal to those of the forward gas fl ow. In the case were the gas fl ow is swirled strongly, its 
Nusselt number changes downstream nonmonotonically. This effect was observed in experiments and was explained for the 
fi rst time in [4, 5, 43]. The nonmonotonic change in the Nusselt number of a strongly swirled gas fl ow is explained by the 
complex infl uence of the swirling of the fl ow on the generation and dissipation of turbulence in it. The indicated infl uence 
in the region of the gas near the swirler in the channel is conservative in character. Therefore, the gas fl ow in this region is 
laminar, and it turbulizes downstream [4, 43]. In the process of formation of a boundary temperature layer in a swirling gas 
fl ow, its Nusselt number decreases and, at a large distance from the swirler, takes values equal to those of the forward gas 
fl ow. The heat transfer in the initial region of the fl ow of the equilibrium-dissociating gas in the channel is increased due to 
the heat generated in the intense endothermal reaction proceeding near the wall of the channel. After the dissociation of the 
heat-transfer agent is completed, it is inertially heated downstream, with the result that the temperature gradient at the wall 
of the channel decreases. Since the average temperature of the reacting gas fl ow is lower than that of the inert gas fl ow, in 
accordance with dependence (16), the Nusselt number of the reacting gas fl ow is smaller than that of the inert gas fl ow. On 
completion of the dissociation of the chemically reacting gas, the Nusselt number of its fl ow throughout the cross section of 
the channel, located at a large distance from its inlet, becomes equal to that of the inert gas fl ow. Note that, as the swirling 
of the gas fl ow in the cannel increases, the contribution of the chemical reaction in it into its Nusselt number becomes more 
signifi cant.

Conclusions. Our calculations have shown that an increase in the swirling of the fl ow of dinitrogen tetroxide in 
a cylindrical channel leads to an increase in the thickness of the boundary temperature layer in it and causes the joint of 
the boundary layers in the fl ow to shift to the outlet of the channel. In this case, both the temperature of the gas fl ow in the 
near-wall region of the channel and the temperature of the gas fl ow in its axial region increase. At a defi nite distance from 
the inlet cross section of the channel, the mass fraction of N2O4 in its swirling fl ow is smaller than that in the forward fl ow 
of this gas. In the case of strong swirling of the fl ow of dinitrogen tetroxide in the channel, the strong heating of it in the 
zone of reverse fl ows leads to the decomposition of N2O4 at a small distance from the inlet cross section of the channel. 
An increase in the swirling of the gas fl ow intensifi es the heat transfer in it and leads to an increases in its Nusselt number. 
The Nusselt number of the forward gas fl ow (Ro = 0) in the channel as well as of a weakly or moderately swirled one 
(Ro < 6) decreases monotonically downstream, and the Nusselt number of the strongly swirled gas fl ow changes downstream 
nonmonotonically because of the complex action of the swirling of the fl ow on the generation and dissipation of turbulence 
in it. Near the swirler in the channel, this action is conservative in character and, therefore, the gas fl ow is laminar. At a 
larger distance from the swirler, the gas fl ow becomes turbulent, and the heat transfer in it increases.

NOTATION

Cp, heat capacity of the gas at a constant pressure, J/(kg·K); dw, distance from a reference point to the nearest 
point at the wall of a channel, m; G, intensity of shear deformations, s–2; k+, rate of dimerization of NO2, m3/(mole·s); 
k–, rate of dissociation of N2O4, s–1; k, kinetic energy of turbulence, m2/s2; Kc and Kp, equilibrium constants of a chemical 
reaction expressed in terms of the molar concentrations and the partial pressures of the reagents, mole/m3, Pa; L, length 
of the channel, m; M, mass concentration; Nu, Pr, and Ro, Nusselt, Prandtl, and Rossby numbers; p, pressure Pa; Q, heat 
of a chemical reaction, J/kg; Re, mean-integral Reynolds number; r, radial coordinate, m; R, radius of the channel, m; 
Rg, universal gas constant, J/(mole·K); Tu, intensity of turbulence at the inlet of the channel; u, v, and w, axial, radial, 
and tangential velocities of a gas fl ow, m/w; W, molecular mass, kg/mole; x, axial coordinate, m; ε, rate of dissipation of 
turbulence energy, W/kg; λ, heat conductivity of the gas, W/(m·K); μ, dynamic viscosity of the gas, Pa·s; ρ, density of 
the gas, σrφ, shear stresses, Pa; φ, swirling angle, deg; κ, Karman constant; Ψ, rate of an equilibrium chemical reaction, 
kg/(m3·s); ω, frequency of turbulent pulsations, s–1. Subscripts: av, average; eff, effective; in, inlet; max, maximum; 
nw, near-wall; t, turbulent; w, wall.
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