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Abstract. The problem of combustion of natural fuels is now an extremely important environmental issue. Flue gas
emitted into the atmosphere has a negative impact on the environment. The consequences can range from
precipitation containing acidic compounds to increased levels of lung disease in the population. A solution to this
problem of fuel combustion in thermal power plants can be a design called a combined high-rise structure. It
combines two components: the cooling tower and the chimney itself. The study of the flow gases nature in such a
structure is an extremely important task, since the process of mixing the smoke with the additionally supplied air in
the pipe determines the concentration of the emission of harmful substances into the atmosphere. This article is
devoted to the numerical study of gas dynamics in the structures under consideration. A generalization of equal rate
surfaces method to describe the internal aerodynamics of the structure is presented. The problem statement is based
on the viscous compressible gas model. The flow is described by the Navier-Stokes system of equations, which is
written in a parabolic form and supplemented by an algebraic turbulence model. The numerical solution is carried
out by the finite difference method. Various variants of the structure geometry and initial conditions are considered.
The favorable effect of the initial swirling of the flow on the intensive mixing of flue gases and the decrease in the
concentration of harmful substances at the outlet of the chimney was noted. Based on this research,
recommendations for the design and profiling of structures under construction have been developed.
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AnnoTtanus. [TpoGnema cxuranust IpUpOIHOTo TOILIMBA B HACTOSIIIEE BPEMSI SIBJISICTCS KpaiiHe BaXKHOH SKOJIOTHYECKOM
3amaveil. JIpIMOBOIT a3, BRIOpackBaeMBIil B aTMOC(epy, HETATUBHO BIHSCT Ha OKpY)Karomryro cperdy. [locmeacTBus
9TOr0 MOTYT OBITh CAMBIMH Pa3HOOOpA3HBIMH, OT BBIAICHHUS OCAIKOB, COMACPIKAIINX KHCIOTHBIC COCUHEHUS, IO
TIOBBIIIICHAS YPOBHS JISTOUHBIX 3a00JIeBaeMOCTel HaceleHus. PerierreM mpoOeMbl CKATaHWS TOTUTHBA TIPH BBIPaOOTKe
SHEPTUH B TEIUIOBBIX JJIEKTPOCTAHIAAX MOXKET CIIY)KUTh KOHCTPYKIWS, Ha3bIBaeMask KOMOMHHPOBAHHBIM BBICOTHBIM
coopyxeaneM. OHa oObermuHSAET B ceOe JBE COCTABIAIONINE: TPAJUPHIO U, HEMOCPEICTBEHHO, IBIMOBYIO TPYyOy.
HccnenoBanue xapakrepa TEUEHHUsI Ia30B B TAKOM COOPYXKEHUH SIBIISIETCS UPE3BBIYAHO BAKHOM 3a7adeil, Tak Kak OT
npoliecca CMEIIeHHs JbiMa C JIOMOJIHUTENBHO T0/IaBaeMbIM BO3IYXOM B TPYOy 3aBHCHT KOHIIGHTpAlHsi BbIOpOCca
BpEIHBIX BellecTB B arMocdepy. JlaHHas cTaThss TIOCBSINEHA YKCJICHHOMY M3YYEHHMIO Ta30[MHAMUKH B
paccMarprBaeMbIX coopykeHusiX. [IpencraBieHo 0600IeHne MeTo/a OBEPXHOCTEN PaBHBIX PACXOIOB ISl OIIMCAHHS
BHYTPEHHEH a3poJMHAMUKHU COOPYKEeHHs. B OCHOBE MaTeMaTHUecKOH MOJENH HCIOb3YeTCs BA3KUH CKUMaeMBbI ras.
Teuenune ormckiBacTest cucteMol ypaBHeHU HaBbe-CToOKCa, 3armvcaHHON B Mapabom30BaHHON (hopMe, TOMOITHEHHOM
anreOpanyuecKodl MOJeNIbl0  TypOyJIEHTHOCTH. UMCIIeHHOE pelleHHe TPOBOAUTCS METOJOM KOHEYHBIX pPasHOCTE.
PaccMoTpeHB! pa3miyHBIC BapUaHTHI TEOMETPHH KOHCTPYKIIMH M HAYaJIbHBIX YyCIOBHH. OTMEYEHO OIarompHsTHOS
BO3JICHCTBMC HAUYaJbHOW 3aKPYTKH TIOTOKA HAa HMHTCHCHBHOCTH CMEIICHUS JBIMOBBIX Ta30B W yMCHBIICHHE
KOHIIGHTpAaIlM BPEIHBIX BEIIECTB Ha BBIXOAE M3 TpyObl. Ha OCHOBE NPOBEHEHHBIX WCCIENOBAHMN pa3pabOTaHBI
PEKOMEH/IAITNH TS TIPOSKTUPOBAHKS 1 PO ITPOBAHIUS BO3BOJUMBIX COOPYKEHHH.

KnroueBble ¢cJ10Ba: BHICOTHEIC COOpPYKEHHUA, YUCIICHHBIC METO/IbI paCu€Ta, 3aKPYUCHHBIC TCUCHUA,
CMCHICHHUC I'a30B
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1. INTRODUCTION

The use of natural fuel in the combustion
process has a significant negative impact on the
environment. The standards established for the
maximum permissible content of harmful
substances in the flue gases discharged. In
particular, for sulfur compounds the limit is not
more than 200-400 mg/m> SO2. Devices for flue
gas discharge should be designed to ensure the
fulfillment of these requirements.

In the mid-seventies, the first studies were
carried out to improve the technology for
reducing harmful flue gas emissions by
designing combined high-rise structures. This
design combines a chimney and a wet cooling
tower. The flue gas is pre-cleaned in a special
desulfurization device. Then it enters the lower
part of the extraction tower, where the heat
exchanger is located. The jet of warm air forms
the flue gas plume, mixes with it and is removed
into the atmosphere due to natural draught. The
ratio of flue gas volume to warm air amounts
from 1:5 to 1:25. This provides the following
advantages compared to a conventional
chimney: the system of reheating the smoke and
related energy costs are eliminated, the
concentration of harmful substances and the
temperature of the exhaust gases are
significantly reduced.

The efficiency of combined high-rise structures
is largely determined by gas dynamic processes
of turbulent mixing of flue gases and humid air.
To intensify the mixing process, it is preferable
to supply flue gas to the exhaust tower with
some initial swirling of the flow.

A large number of studies have been devoted to
the investigation of swirling flows. Practical
applications for various technical devices are
considered in [1, 2]. Numerical studies of
swirling flows in pipes are presented in [3-7],
and experimental results are reflected in [8-10].
The issues of mixing and gas dynamics of flows
in swirling combustion chambers are discussed
in [11,12], and for flows in gas turbines in [13-
15]. One of the most important features of
swirling flow is the effect of swirl decay, which
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occurs when a certain flow swirl is reached.
This phenomenon is associated with the loss of
flow stability. Studies of hydrodynamic stability
of swirling flows [16-21] support this
conclusion.

The objective of this study is to investigate the
processes of turbulent mixing of heated flue
gases with warm air flow in the field of gravity.
For this purpose, it uses a mathematical model
based on parabolized Navier-Stokes equations.
It presents an efficient numerical method of
solution, which allows to pass from a general
system of partial differential equations to a
system of ordinary differential equations written
on current lines.

2. PROBLEM STATEMENT AND
RESEARCH METHOD

We consider the gas-dynamic process of mixing
of heated flue gases entering the pipe by jet
flow. The principle flow diagram is shown in
Fig. 1. The flue gas is fed into the central part of
the chimney 0 < < R at the base of the z=0.

It may have an initial swirl to improve mixing.
Warm air is introduced coaxially into the lower
part of the pipe R1 <r<R¢p=R(0). This flow

is usually supplied without a swirl. The design
of the structure has the following typical
dimensions: bottom diameter of about 90 m,
total height of the structure of about 100 m, flue
gas to warm air flow ratio of 300:5000 m3/s,
flue gas and moist air temperatures of about 120
°C and 70 °C respectively.

>

A AR
U, T,

U,: T,

Figure 1. Flow diagram
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The system of parabolized Navier-Stokes
equations (as an analogue of the Prandtl
boundary layer equations) is a set of laws of
conservation of mass, momentum and energy.
This mathematical model includes the following
equations:

orpU) , 8rpV) _
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A(p+pUr] a(pruVv) @
oz | or :E(M)_pgr’
8(erH)+6(rpVH)=
0z or N
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, O=—UCp, T=
Gy OF A

Yo =
In this system of equations U, V, W are
thevelocity components (axial, radial and
azimuthal) in the cylindrical coordinate system
r,o,z; T is the temperature, u is the dynamic
viscosity; 4 is the enthalpy; g is the gravity
acceleration; E is the impurity concentration; t
is the friction force; ¢, is the specific heat

capacity; g 1is the heat flux; y, is the impurity
mass flux; o, o, are the Prandtl numbers.

Let us consider the method of surfaces of equal
flow rates. For the first time this method for the
description of jet flows was developed in [22].
Later it was widely developed for solving
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various problems of hydrodynamics and heat
and mass transfer with an interface [23]. For the
solution of (1) in the coordinate system 7, @, z,
r=90,(z),
n=0,1,2,..., N, which will be current lines and

let us introduce smooth lines

satisfy Eq:

00,

0z

U

=V for r=90,(z2).

These lines should be found. It follows from the
problem statement that &g =0 since this is the
axis of symmetry, and Oy = R (z) defines the

pipe wall. We will search for the solution of the
system (1) on intermediate lines

1
r=0u+1/2(2) 25(511 +0n+1),
n=0,1,2,.., N—1.

The system of equations (1) can be represented
in compact form:

O(rpUA) _3(rpVA) _ 00 _

4071, 2
Oz or or 4 @
A={L,U,H,E,W},
Q:{OarT,”‘]arHYoc,MVaW/aV};
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0z
2
pVW? [6W WJ
eq=1, 0=— —u —— | for
r or r
A=H,
er=1, 0= tor a=w
r r
eq4=0for A=1LF.
Let us introduce the functions
Fus1/2=05(82,,=83), n=0,1,2,..., N-1.
Then the following relationships can be

obtained for d,(z):

59



6]2:2ﬁ/2, ngz(ﬁ/2+f3/2)a seey
N

8% =22 fu1/2.
n=1

Having integrated (2) from r to r=39, taking
into account Leibniz's rule, the original system
can be represented by a set of ordinary
differential equations to be solved on lines

r= 6n+1/2(2) :

1
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In system (3), the point denotes the derivative
on the coordinate z. Dimensionless variables of
velocity, temperature, density, concentration
and pressure are referred to the maximum
values of Uy, T1, p1, E1, p1, W1 of the

internal flue gas flow at z=0, and f —to Rg .
Dimensionless parameters of the system (3) are
Froude number ny = Ryg/U 12, swirl parameter

m,, =W /U; and nT:cpTl/Ul2 as an analog

of Mach number: ny = 1/(M2(y -1)).

For the case of flow without pre-twisting of the
flue gas flow, the pressure distribution is
determined from the equation dp/or=0, and

for flow with twisting from the equation of the
form:

p_ v my W

or y—-lny r
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It can be integrated as follows:

p(z,r)= pw(z r) + po(Z)

p"(z,r)=—— I —dr

Y- lnT r

The integral for a function p"(z,r) is calculated
using the trapezoidal formula and then calculated

p" (z,r) using recurrence formulas:

Py =01/2 f1/2, Ppy=Pn+t%ni1/2 farl/2,

n=12,....N-1,
pvrtz)+1/2 :0’5(pv;+pv;+1)a n=0,1,2,...,N -1,
Olyel/2 —%%%[2WW—W2 %j

! rr 8n+1/2

The function po(z) is obtained by integrating
the equation

N-1 N-1

oY gneiz+ Y PV gniii2 =
n=0 n=0
N-1
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Z( Tg T
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gn+1/2 =
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The following expressions are used to calculate
the density p at each line:

p(z,8,41/2)

. 5
T(z,8n+1/2) ©

p(z,0n+1/2)=

The dissipation terms of equations (3), (4) are
calculated by the formulas:

International Journal for Computational Civil and Structural Engineering



Method of Equal Rate Surfaces in Structural Aerodynamics
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The square brackets in (6) imply the difference
between two consecutive values:
[O]1=0n+1-0On.

To solve the system (3) it is necessary to set
boundary conditions on the boundary of the
solution region. For the variables of velocity,
temperature, concentration it is obvious from
the requirement of flow symmetry at »=0. On
the pipe wall, the boundary layer is assumed to
be thin enough. Therefore, the following
conditions were used:

8—A:O for =0 and 8=R(z),

r

A={U,W,T,E}. (7)

An algebraic turbulence model was used to
complete the system of equations (3)-(6):

2 ” ) -1/2
oV 0
12: , z +| r— e s 8
i Vii (67} |:rar(r]:| (8)

where /; is the mixing path length, i = z,¢.

Finally, the system (3)-(6) of 5N +1 equations was
integrated numerically by Runge-Kutta method.

3. RESEARCH RESULTS

Numerical results of the solution of the
boundary value problem (3)-(6) were produced
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considering the following distributions of the
sought variables for z=0:

Ur)y=U =1, W(r)=wi(r),

IT(ry=T1=1, E(ry=E1=1, 0<r<r, )
Ury=U,, W()=Ww,,
T(ry=T>, E(r)=E;, r<r<l.

The dimensionless value of the length of the
region was taken as zp =2.2Ro. The shape of

the lateral surface was specified in two ways:
either Rg=1, or R(z)=1-0.15z. The flows

were calculated in the range of parameters:
Uy, =0.05-04; T7,=05-09; E;=0.1;
c=0.72; Mg =6.45; nr =5754;
Ty =0-1.35; r =0.15;0.33; N=50.

In most of the calculations the values used
wereU, =0.1, 1,=08, Ery=1, Rop=1,
r1 =0.33. The velocity profiles at these

parameter values are shown in Fig. 2. In all
cases, the main effect of the swirled flow is
observed as the presence of a local minimum of
the axial velocity for r=0. This effect
increases as the value of initial swirl increases
from =n,=1 to m,=13. For the values
my >1.35, calculation wusing parabolized
equations is not possible. In this case, the full
system of Navier-Stokes equations should be
used.

In the considered problem, the lifting force
has a significant effect on the process of flue
gas mixing. Due to this, it is possible to
increase the axial velocity of the gas flow
through the pipe. For example, for the flow
without swirl at =, =0 a small section
z<0.5, the axial velocity of the flow
increases by 1.5 times (Fig. 2, a). The action
of lift force due to temperature differences
can also contribute to the increase in flow
velocity (Fig. 2, b). The addition of an initial
swirl reduces this effect.
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With increasing temperature difference 77/7>
for the internal jet of flue gas and external flow
of warm air, the effect of the lifting force
increases. Fig. 3, a shows the relation of axial
velocity at r=0 for different ratios of
temperature difference, where 73 =1. The axial
velocity maximum can increase more than 1.8
times the initial value (Fig. 3, a, curve 4). The
lift force can also contribute to the increase in
flow swirl. For example, the maximum
azimuthal velocity Wpn,x can increase by a
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factor of 1.3 compared to the initial value (Fig.
3,b).

Temperature distribution on the flow axis along
the pipe for »=0 is shown in Fig. 4, a. Due to
mixing with warm air the flue gas temperature
drops rather quickly. The initial swirl of the
flow intensifies this process. A similar result is
observed for the concentration distribution of
harmful impurities. In the outlet section of the
pipe the maximum concentration decreases
more than 2 times (Fig. 4, b). This effect is
extremely important with regard to the
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environmental performance of the combined distance Z increases. This data can be used for
high-rise structure. profiling the walls of the exhaust pipe in order
Fig. 5 shows characteristic pictures of the to reduce the size of the erected structure,
current lines. It can be seen that the current lines  reduce material costs and increase the stability
converge to the center rather quickly as the of the structure.

2 1.4

U T W, 3

1.2 ~
— 7
yd =3 0.6
0.8
0 1 z 2 0 1 z 2

Figure 3. Distribution of axial velocity on axis r =0 for n,, =1 (a) and maximum azimuth-
al velocity (b) for m,, =02, T, =0.8;0.7;0.6;0.5; R(z)=1 (curves I-4), R(z)=1-0.15z
(curves 5—8)
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Figure 4. Temperature (a) and concentration (b) distribution on the axis r =0 for
n,, =0.2;0.5;1.3; T, =0.8 (curves 1-3) and T, =0.5 (curves 4—6)
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Figure 5. Current lines for T>=0.8, r1=0,33; U>=0.1; 0.2, 0.3 (a, b, ¢), I —R(z)=1, 2 - R(z)=1—

0.15z

4. CONCLUSIONS

The presented mathematical model and
numerical calculation method allow obtaining
necessary and detailed information on the
character of flow in the exhaust stack of a
combined high-rise building, temperature
distribution and concentration of harmful
impurities at the stack outlet. The initial
swirling of the flue gas flow contributes to the
improvement of gas mixing. However,
excessively strong twist leads to undesirable
flow inhibition and possible disintegration of
swirl flow. The developed methodology allows
to determine the maximum permissible value of
the initial twist to eliminate such phenomenon.
The obtained data of gas-dynamic flow pattern
can serve as a basis for choosing the optimal
shape of the pipe side surface in order to reduce
the cost of the constructed structure.
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