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Abstract: Mathematical modeling methods of detachable flows on the entrance of the soaking-up channel on
the basis of discrete vortex features of ring and polygonal forms are discussed. The tasks in stationary, non-
stationary axisymmetric and quasiaxisymmetric statement are considered. The comparison of speed predicted
values with experimental data of other authors is done. The conclusion about usage possibility of vortex
polygonal elements for flows investigation in operation ranges of stitched and exhaust devices at their

interaction, in three-dimensional areas is done.
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INTRODUCTION

A round branch pipe is an element of many
technological installations, in particular in local exhaust
ventilation round soaking-up umbrellas are used for
catching dust-gas emissions, in the aircraft equipment
round air inlets are used, various nozzles and samplers
[1,2] also have a round form. Therefore investigation of
flows at absorption or the expiration from such branch
pipes represents considerable interest for science and
technology. Tens of thousands of scientific works are
devoted to the expiration of turbulent streams, to
soaking-up torches much less. Measurement of stream
separation on the entrance of soaking-up channels
approaches predicted values to data gotten after
experiment [3-21]. The found outlines of vortex areas allow
to develop recommendations about profiling of a branch
pipe entrance edges and decrease of its aerodynamic
resistance [3, 7-9, 12]. Usage of thin profiles and screens
allows, due to the stream effect, to reduce volumes of the
air arriving into the aspiration systems [13-21]. For
numerical investigations of detachable currents well a
method of discrete vortexes works fine [4-6, 8-15, 18-21,
24, 25]. In works [9, 13, 18, 19, 21] stationary problem
definition for calculation of detachable flows on the

entrance of slit-like and round soaking-up channels was
used and in works [4-6, 7-13, 18, 20] non-stationary
problem definition was used. In these works as discrete
vortex features infinitely thin rectilinear vortex cords and
ring vortexes were used. In this work for creation of
discrete model for these vortex elements a polygonal
vortex framework that will allow to pass to the solution of
three-dimensional tasks on soaking-up torches taking into
account a stream separation are added. The purpose of
work is development and research of various mathematical
modeling methods of detachable flows on the entrance of
a round soaking-up pipe using ring and polygonal
discrete vortex features.

Axisymmetric Task in Stationary Statement: Let's
consider area of the flow (Fig. 1) on the entrance of the
round soaking-up channel. From a sharp edge C there is
a failure of a stream and a free surface of current is formed.
It is necessary to define its location, stream speed in any
set point.

The mathematical problem definition consists in
solution of two-dimensional Laplace equation for
potential function :
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Fig. 1: Detachable flow on the entrance to the round pipe
in the meridional surface

at set points of a boundary normal speed component as

%‘j S (x)-U, » Where x — limit point S. Function expresses

influence of the free vortexes being on a free surface of
current which location is not known in advance.

This equation is reduced to the boundary singular
integrated equation:
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where w(E) — circulation density of the attached vortex
layer; p = const- circulation density of the free vortex layer
which has been continuously placed on a surface, being
formed at stream failure from a sharp edge; £ — any point
of border S. Function G(x.£) is numerically equal to speed
size in a point x(x,,x,) along the direction of a single
vector n = {n,n,}, caused by a vortex of single
circulation, located in the point. &(£,,5,).

For an axisymmetric task in cylindrical system of
coordinates:
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Fig. 2: Flow discrete model (daggers - control points; the
painted-over circles - the attached vortex rings;
circles - free vortex rings)
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The vortex layer modeling a pipe surface, is replaced
with infinitely thin vortex rings of constant intensity
1(§k),k _i.n (Fig. 2). The vortex lying on a sharp edge C,

is considered free that follows from the theorem stated in
work [25]: intensity of the attached vortex layer is in a
point of stream failure equals to zero. Between the
attached vortexes control points settled down. Let's enter
designations: &(£,,£) — point of an arrangement of k
attached vortex; x’(x,,x,) — p control point. Then speed in
a point x” along the single direction n, induced by vortex
1(&), located in the point &, will be defined from

expression ,, (xp):G(xP,g)k)[(gk) .

It was supposed that on the free surface of current
which is flowing down from the edge C, intensity of
vortexes is constant and equal to y. The distance between
free vortexes is a constant and equal value 4. The first
approach for the free line of current got out as follows.
The first 3 vortex rings settled down in the plane of the
entrance aperture of the channel starting from a sharp
edge, at uniform radius reduction with step 4, the others
with a constant radius and their shift into the pipe with
the same step of A.

Let's designate N as a quantity of the attached
vortexes; {*~ as a location point of free vortex; N, - as a
quantity of free vortexes located on a free surface of
current, being broken from a sharp edge C.
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The system of linear algebraic equations for
definition of unknown intensions /(') of the attached
vortexes looks like:

ooty g
g=1 k=1

where p = 1,2,...N.

After definition of unknown circulation /(&%), where
q = 1,2,..N speed in any point x(x,,x,) of area along any
set direction is calculated with a formula:

Ns
v, (x) = iG(x,Eﬂ)](Eﬂ) 4 yZG(x,c").
k=1

g=1

On the first iteration, after definition of unknown
circulation of vortexes, the surface of current which is
flowing down from a sharp edge is under construction.
After it moves away from a soaking-up aperture of a pipe
on distance more than 10 calibers (caliber is a pipe radius),
its construction stops. For creation of the current surface
differential equation is integrated dx/v, = dy / v,. Creation
of the current surface begins from the sharp edge. Free
ring vortexes have on this surface evenly with a step
equal to /.

After definition of the second approach for current
free surfaces it is necessary to solve again the system of
the equations (2) and to define circulation of the attached
whirlwinds. Then the third approach of current free
surfaces is under construction etc.

This iterative process proceeds until values of a
stream 0= / R compression coefficient of a soaking-up
branch pipe on the previous and subsequent iteration
won't differ at a size of the set accuracy of € [epsilon].

If the distance from a point up to one vortex is less
than a discretization radius //2, the speed caused by this
vortex, is defined from the following expression:

(v =&)m—(x —&)m
2

v,(x)=8n

An example of current lines calculation is given in Fig. 3.

Axisymmetric Task in Non-stationary Statement: In this
case for discrete model of border the soaking-up opening
is added (Fig. 4) and sampling with a step A¢ is made.
Black circles are attached vortexes, daggers are settlement
(control) points, hollow circles are free vortexes.
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Fig. 3: Current lines on the entrance of the round pipe of
radius of 0.2m
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Fig. 4: Discrete model for non-stationary axisymmetric
model in the meridional plane

Let's notice that here on center line the vortex of
zero radius (in a numerical case radius turns out
almost zero) is located. l.e. in fact, this vortex isn't
presented.

The system of the equations for calculation of
unknown circulation of the attached vortexes in a time
point ¢ = mAt with use of a condition of a non-circulated
current looks like:

n m
=Y PGP S Gy
k=1 =1

n m
Dy =0,
k=1 =1

THC 5 P =y, (P, 1K = 1(EF), GPK =GP ), GPT = G(xP )T -

circulation of the free vortex descended from a sharp edge
in a time point T and located in the point *; G** - function
of influence on p settlement point of a vortex y* u G™ is
determined by a formula (1). The system turns out
solvable because of a condition of a non-circulated
current. At the initial moment it looks like:

1189



Middle-East J. Sci. Res., 17 (8): 1187-1193, 2013

I'GM G e 0=,

INflGNfl,l +.“+IN71GN71,N71 +[N71 .Ozvr]lvfl

'+ w1V eV =o.

Thus, this system is equivalent to vortex rejection
with a zero radius and to rejection of a condition of non-
circulated current.

Let's notice that at an arrangement of active section
(the soaking-up section) between settlement points,
inadequate results turn out.

Thus, in each settlement timepoint the system of the
equations for definition of unknown intensivnost of the
attached vortexes is solved; new positions of free
vortexes are determined on use of formulas x'=x+vxAs,
y'=y+vyAr and the step on time is made. At achievement

by free vortxes of active section they are removed from
consideration. Calculation is conducted until free
vortexess will fill all settlement area (Fig. 5) and a current
it is possible to consider as established. Let's notice, that
in this case also the size of speed doesn't become a
constant, it pulses eventually that allows to define
turbulent characteristics of a current: longitudinal and
cross pulsations of speeds (Fig. 6).

Quasiaxisymmetric Task in Non-stationary Statement:
Usage of a vortex polygonal framework complicates
calculations, but gives a chance to solve
three-dimensional problems.

Influence on any pointx(x1.x2,x3) k of the vortex
n-coal frame of single intensity (Fig. 7) is defined from
expression:

[( ik )xrk}
R oY
Gx,k) 41 G " T
p: k ok kK ky Lk
E o) 0 )
k k
Fiv1 ‘rz‘

rie k_{Alkﬂq Ak %, A3 7x3}, Ak(Ak Ak Aé‘) -i-top of a
k polygonal frame.
Then the speed v induced by an intensity /(k) frame

in a point x along the direction # is calculated by means of
scalar work:

v, (x) = (G(x,k) . n)l(k) .

Fig. 5: Vortex structure of the current on the entrance of
a round branch pipe of radius of 0.2m
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Fig. 6: Longitudinal pulsations of axial speed on the
entrance of the pipe (V,=1.16072 m/sec)

Fig. 7: To definition of influence on a point of x k vortex
n-coal frame

Let's designate further grk :(G(xp, 8 .,,) , whereas before x*

- p control point. Control points settle down in the middle
between a polygonal vortex framework, on a surface of a
pipe or in the center of the triangular and quadrangular
vortex framework located in active section of the pipe
(Fig 8).

Let's notice that on all frame intensity / is invariable
in all points of a vortex polygon.

In a time point ¢ = m. At the system for definition of
unknown intensity of the attached vortex framework has
the following appearance:

N m
ZG‘”ka+Z:Gfmyt =P, “4)
k=1 =1
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Fig. 8: Discrete model for a quasiaxisymmetric task

and speed in defined moment in an internal point x along
the set direction n is defined at present by a summation
way on this point of all attached and free framework:

N m
ZkaIkwLZGptyT:vp, (&)
k=1 =1

where G* - function of influence on p. x k-vortex frame,
I* - its circulation, G - function of influence on a point x a
vortex frame descended from a sharp edge in time pointt
[tau].

In the following time point there is a descent of new
vortexes, old move in the stream direction, unknown
circulation of the attached vortexes by a solution of
system (4), are defined etc. until the set goal isn't reached.

The new position of free frame top is defined from a
formula ,

x':x+vx~At,y'=y+vy~At,z'=z+vz~At

where (x,y,z)- coordinates of its previous location,
{v,, v, v.}- components of the speed vector in this point
(are defined with usage of formulas (3), (5) along the
directions 7={0,0}, 7={010}, 7={00,1} respectively).

If some point is located in relation to this vortex frame
at distance smaller discretization radius, influence of this
vortex frame on this point isn't considered.

In each time point into a stream the polygonal vortex
frame with the intensity, equal intensity of the polygonal
vortex frame lying on a cut of a stitched opening will
descend. Circulation of this vortex free frame will already
not change eventually. Its location changes only.

xX/R
2.8 32

0.2 04 06 08 1 1.2 14 16 2 2.4

Fig. 9: Change of dimensionless axial speed during
removal from the entrance of the round pipe: 1-
axisymmetric task in non-stationary statement at Az
= 0.01; 2- quasiaxisymmetric task in non-stationary
statement at Az = 0.01; 3- axisymmetric task in
stationary statement; 4- calculations with a formula
(6); black circles are experimental data [22].

Fig. 10: Current vortex structure in the pipe in a time
point 1.65 at a step on time 0.01 and a step of
discretization 0.005

Results of Calculation and Their Discussion: For check
of adequacy and reliability of the considered models it
was done a calculation of axial speed depending on
distance to the entrance of the soaking-up opening.
Comparison was made with experimental data of Alden
J.L.[22] and calculations with V.N.Posokhin's formula [26]:

v:l.l{l—;] (6)
V1+0.655/x2

Remoteness x has been made dimensionless by
division into pipe radius; speed shared on average speed
in the soaking-up channel.
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Fig. 11: Current vortex structure at the stream expiration
from the pipe with a radius of 0.1 at a step of
discretization 0.00495, distance between the next
16-angle attached vortex features 0.0lm and a
step on time 0.03sec: a) t =2.22; b) t=4.14;¢) t =
8.88; d) t=12.36;

In all models the distance between the next attached
vortexes equaled to 0.01m; step of discretization equaled
to 0.005m. Almost full coincidence to experimental data is
shown by the calculations executed within stationary
model (a curve 3 in fig. 7). The same model with high
precision allows to determine coefficient of compression
of a stream and coefficient of local resistance (k.l.r.) of the
entrance of the pipe by a formula —q_1/5,/r)2)?-

Calculated value k.Lr. { =1.08 also differ from experimental
¢ =1 [23] on 8%. This feature of model allows to
investigate influence of various screens and profiles at a
value {'[14, 19, 20].

A little overestimated values of speed (no more than
for 3%) dismiss within non-stationary models (curves 1-2).
For a quasisymmetric task 64-angle vortex features, a step
of discretization 0.00495 were used. Vortex flow thus
(Fig. 8) has similar structure, as for an axisymmetric task in
non-stationary statement (Fig. 5): near walls of a pipe the
returnable area of the flow that the stationary model
doesn't catch is formed. Compression coefficient of a
soaked-up stream and, respectively k.lLr. within
non-stationary models it is difficult to define. As the form
of a surface of the current descending from a sharp edge
of the pipe, pulses in time. But even when averaging size,
a calculated value k.L.r. exceeds experimental more than for
50%. As for account time, the quasiaxisymmetric problem
is solved several times more long, than axisymmetric. But

there is an opportunity to solve spatial problems in the
assumption that borders of a current of other objects
being in settlement area, have no essential impact on axial
symmetry of a current around a round branch pipe. The
developed program allows and to turn a flow, that is to
investigate a flow of a stitched turbulent stream (Fig. 11).

In case of modeling of a stitched stream the structure
of a current (Fig. 11) is correlated with the calculations of
A.V.Dvorak and N.V.Khlapova stated in books [4, 24].
Axial symmetry remains to enough great values of time
(Fig. of 11 a-c). Vortex polygons start forming vortex clots,
then the slightest violations of symmetry caused by errors
of rounding, intensively accrue, taking all stream, except
for an initial site of a stream (Fig. of 11 d). This strict axial
symmetry on an initial site of a stream and a soaked-up
detachable current in the pipe in a certain measure can be
justification of applicability of quasisymmetric approach
for modeling of spatial tasks.
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fund of basic researches (the project #12-08-97500-
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of V.G.Shukhov (the project #A-10/12).

CONCLUSIONS

Methods of mathematical modeling and their program
and algorithmic support are developed for calculation of
axisymmetric and spatial detachable flows in ranges of
operation of exhaust channels. Usage of stationary
discrete vortexes allows with a sufficient accuracy to
define a field of speeds, separation borders of the stream
and coefficient of local resistance on the entrance of
soaking-up opening. Modeling of non-stationary currents
by means of ring vortex features allows to investigate
vortex currents in stagnant areas and to define speed
pulsations. Usage of vortex polygons gives additional
possibility of spatial flows research in areas with stitched
and exhaust channels, to reveal regularities of interaction
of stitched and exhaust jet flows.
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