LOCAL AND INTEGRAL PARAMETERS OF SWIRLING FLOW IN
A LONG TUBE
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and V. G. Letyagin

The behavior of isothermal flow in a tube of length 150 diameters is investigated
for a wide range of intensities of the initial swirl.

Swirling flow is widely used in organizing and intensifying working processes in avia-
tion and rocket technology and elsewhere. At present, the properties of the heat and mass
transfer and hydraulic drag of swirling flows have been investigated in sufficient detail
for relatively short channels (x < 15) [1, 2], but to date there has not been adequate study
of the flow in long tubes and the transition from swirling to axial flow. Literature data
from analytic [3, 4], numerical {5], and experimental [6-9] investigations are not yet such
as to allow unequivocal formulation of the main local and integral properties of swirling
flow, which hinders the development of semiempirical and engineering methods of calculation.

In view of this, the present work has the following aims: to study the variation of the
local and integral flow parameters in a tube of length 150 diameters over a wide range of in-
tensities of the initial swirl; to investigate the properties of the flow at the wall; to de~
termine the laws describing the damping of the initial swirl and the transition to axial flow;
and to generalize the results obtained on the basis of a universal swirl parameter.

1. Experimental Apparatus

The experiments were carried out in a specially designed and constructed test stand con-
sisting of an aerodynamic tube of open type; the working part was a cylindrical channel of
diameter 80 mm and length 150 diameters. The velocity and pulsations were measured using a
T7N thermoanemometer and the pressure was measured by miniature pneumometric sensors. The
positioning device had two degrees of freedom and_the accuracy of the radial positioning was
0.01 mm. The measurement cross sections were at x = 1, 4, 7, 10, 20, 40, 60, 80, 100, 120,
and 145 diameters from the source of swirling. The Reynolds number Reyq varied from 0.5-105
to 1.5+10° in the experiments. :

The initial swirl was produced by a bladed eddy generator with a central hub of diameter
37 mm. The blade shape corresponded to swirl given by the power law: tan ¢ = tanApI(R/r)n.
In the experiments ¢ varied from 15 to 60°; n, from —1 to 3. Altogether, eight eddy gen-
erators were studied.

The integral estimate of the initial swirl was made using the parameter ¢,ip, the ratio
between the rotational and axial momenta of the flow. The relation between the calculated
and mean experimental values was obtained experimentally and takes the form of a power law:

Pyin = 0.56 DLL5 c. (1)

Equations for ¢4, . are given in [10, 11].

2. Local Flow Parameters

Typlcal curves of the variation of the axial -and rotational components of the velocity
over the channel cross section are shown in Fig. 1. The variation in the total velocity re-
sembles the axial-velocity distribution, but is characterized by a sharper radial gradient.
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Fig. 1. Variation of wy and w¢,(m/sec) over
the length of the tube. Eddy generator pa-
rameters: ¢1 = 45°, n = 3; Reg = 10%; 1) x=
1.05; 2) 7.05; 3) 20; 4) 60; 5) 145.

Analysis of the experimental data for all the eddy generators leads to the following basic
conclusions, which are fairly general properties of swirling flows in a cylindrical channel
for wide variation of the parameters and form of the initial swirl.

In the initial sections, where the swirl intensity is large, the bulk flow velocity
(axial and total) at the channel surface considerably exceeds the mean flow rate and at the
axis there appears a still region, characteristic for flow behind a streamlined body, or in-
verse flow. With increasing distance from the inlet, as a result of damping of the swirl,
the bulk velocity decreases at the wall and rises at the axis; in the outlet cross section
of the tube the distribution of wy and wy approximates to flow at the end of the hydrodynamic
initial section,

If the experimental data are generalized, the following relations are obtained for the
maximum axial and total densities of the bulk flow rate:

0.81 0.81
pgwxo _ 0‘95 + 1-8?.:‘.2 : p()wEO _ 0.74 + 5.75(?l*2 ,
pu €’ pu Reg

which apply when o, > 0.23. When 0 < %, < 0.23, pewxo and poWZe rise to the values charac-
teristic of axial stabilized flow, as a result of the displacing effect of the boundary layer
and the shift of the maxima powWyo and poWyoe in the region of the channel axis.

The relative radius of the axial region of inverse flow for the eddy generators inves-
tigated is given by the equation

ﬁRf_ = 0.31(@%% —0,293)"*,

and hence it follows that no inverse flow appears in the channel when ¢, < 0.22.

The distribution of the tangential component wy across the channel cross section has a
maximum. With increase in ¢¥7 and n the radius corresponding to the maximum rotational veloc~
ity T max is shifted toward the channel surface, while with damping of the swirl the maxi-
mum approaches the channel axis. In general, the following regions of flow are observed:

¢, > 0.5: the distribution of wyp has a clearly expressed maximum given by

*
Jomax _ 0.19 4 0.380,;
R

0.17 < ¢, < 0.5: the change to quasisolid rotation begins; wyp decreases considerably
more rapidly near the maximum than at the surface, and so the distribution of wgp does not
have the usual maximum; i.e., under these conditions the limiting value r¢?max/R is 0.35;

¢, < 0.17: the distribution of wgp practically corresponds to quasisolid rotation.

Note that in the ranges of Regq, ¢1, and n considered, no region of potential rotation
(w¢r = const) is observed at the channel surface; it can only be assumed that under conditions
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of significant swirl the variation of wy is close to potential rotation. In all cases, the
maximum circulation of the rotational velocity is close to the wall, right up to the cross
section in which the swirl is practically degenerate.

The total pressure P* and excess static pressure P in the flow correspond to complex
variation of wy and wgpover the channel cross section. Outside the flow region at the wall,
the radial gradient of the static pressure is determined by the equation of radial equilib-
rium, which leads to the approximate equation
2 dP dP d :

' w " w
Pw“'Poosz—rw—dr or g . —0
’ 1]

]

=— | p—=2 dr;
dx dx dx r

i.e., the longitudinal pressure gradient dPy/dx is less at the surface than at the axis of
the channel.

With damping of the swirl, the distributions of P and P* over the cross section are
equalized and the region with approximately constant P* extends continuously to the channel
axis. At the channel outlet the pressure distribution corresponds to that for the flow in
the initial section of the tube.

Analysis of the experimental data for all the eddy generators leads to the following
equations characterizing the surfaces of zero excess static and total pressures:

= —0,1204°% 4 0.543 @38 —0.14;

= —0,110,°% -+ 0.505 d%8 —0.13.

RJlN“* N'N“

These equations apply when ¢, > 0.23. When ¢, < 0.23, there is no rarefaction in the chan-
nel.

Because the variation of wy, wg, and wy over the channel section is continuous, there
is no boundary-layer region with predominant variation in velocity. Separation of a boundary
layer and a potential core is only possible when the swirl is relatively weak (practically
degenerate). Therefore, in deriving the integral momentum relatioms for swirling flow, the
equations of motion were integrated between the limits 0 and R.

Analysis of the local properties shows that swirling flow in a cylindrical channel may
be regarded as complex gasdynamic flow: In the flow region at the wall the gradients of the
axial velocity and static pressure are negative, while at the axis they are positive. With
damping of the flow, the region of inverse flow (or the still region) vanishes, and there is
continuous withdrawal of mass in the axial region, initially because of decrease in the ra-
dial pressure gradient and then because of the growth of the boundary layer. Engineering
methods of calculation must take these properties of the flow into account.
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TABLE 1. Numerical Values of the Initial Swirl Intensityand
the Limiting Value X, for the Eddy Generators

Qp=15°, | q@r=30°, =45°, | @r=60°, | @ =45°, | g =450, | @ =450, | ©=15°,
s L I L L=0 Lo guraight
|
@.in | 0,384 | 0,48 | 0,826 | 1,93 | 0,433 | 0,52 | 0,69 1,29
x1 7 10 20 10 20 10 20 20

3. Flow Region at the Wall

The velocity distribution close to the channel surface is an important factor in heat-
and mass-transfer processes. Analysis of several types of swirling flow (in cyclones and
eddy generators, and on the convex surface of a curvilinear channel) shows that close to the
surface the velocity distribution is logarithmic in form [2], but lies below the distribution
characteristic of axial stabilized flow in the tube.

Analysis of the data of the present experiments shows that the variation of wx and Wy
at the wall is described by a power law with index 1/10-1/13. Since the velocity of the flow
around the surface is wy under the conditions considered, the parameters ¢y and ny are chosen
as universal coordinates, while the dynamic velocity vf is determined from the variation of
the integral flow parameters over the length of the channel (see Sec. 5).

Analysis of measurements in the region of axial stabilized flow shows that, for the con-
ditions considered, the effect of the wall does not lead to any error in the measurements
when ny > 50. Accordingly, readings in the swirling flow were taken only in the region ny >
50 when x > 15,

Because the variation of wy; and wy over the channel cross section is continuous, the
logarithmic region will be called the flow region at the wall. Appropriate treatment of the
experimental results leads to the equation

Py = (5.5 + 10.70%%") + (2.5 — 3.14 9% In m, 1, > 50. (2)

This relation holds when ¢, < 0.39; when ¢, > 0.39, the universal distributionis only slightly
altered. With damping of the swirl, the distribution ¢ 5 = ¢5(ny) approaches the universal
law for axial stabilized flow in a tube; for ¢, = 0.07 the agreement is practically com-
plete. TFor the same values of ¢, (different eddy generators) the dependence ¢y = ¢y (ng) is
the same for different eddy generators, which confirms that 9, is a universal parameter (Fig.
2). For the laminar underlayer and the transitional region, the universal distribution evi-
dently remains the same as for axial flow; this conclusion is based on results found for other
types of swirling flow [2].

Note finally an important experimental result: For the eddy generators considered, the
angle of swirl changes extremely little in the flow region at the wall, in agreement with the
data of [12, 13]. On the basis of this result, universal relations can be determined for the
axial and rotational velocities, and an approximate method of determining the surface friction
in the swirling flow can be formulated [14].

4, Intensity of the Turbulence

The turbulent properties of swirling flow characterize the general level of turbulent
pulsations in the channel. The pulsation intensity is determined in the coordinate system
€y Ty, n: & 1is taken along the direction of the total velocity, while £ and n are perpendicu~
lar to it. Detailed information is given in [15]. Here we note only that in the range of
pulsation intensities investigated all of the components are independent of the initial swirl
and reach 107 at the surface and 30-35% in the axial flow region. Note that the intensity of
turbulent pulsation is approximately self-modeling in Req; with damping of the swirl, the
pulsation intensity is substantially unchanged at the wall, but decreases very markedly at
the axis and is 4% at the channel outlet.

5. Integral Flow Characteristics

Information on the local parameters can be used to calculate the integral flow charac-
teristics M, K,, Ky, 94, ®,and 8. Calculations were carried out for all the eddy genera-
tors at nine cross sections along the length of the channel. Analysis of the results shows
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Fig. 3. Relative change in length of hydrodynam-
ic initial section: Regq = 0.510%; 1) ¢1 = 30°,
n = 3; 2) 15°, 3; 3) 60°, 3; 4) 45°, 3; 5) 45°, O;
6) 45°, —1; 7) 45°, straight blades; 8) 45°, 1; a)
x1/%X1o = 1 + 8.158,4,0.85. The open symbols cor-
respond to stabilization of Az, the filled symbols
to stabilization of 14y, and the open symbols crossed
by lines to stabilization of wyg.

that, in dimensionless form, the integral parameters are self-modeling in Rey and satisfy
the exponential relations '
0<x <X, M=exp(—mx), x> x, M=expi(m,— m)x,—mxl;
x>0, Kz=exp(— kx);
- - - - (3)
0<x <X, D=exp[—(m— k)x];
x>x, ©=expl(m,—m) x, — (m, —k) x].
Numerical values of the constants m, m;, and k are given by the equations
02— 184 0415B%Y:  my- 100 = 7.82 Bkt —14.258%Y + 9.5;

ko102 = —0.865 Dy - 1.53 D — 0.1,

and values of X, are given in Table 1.

Analysis of the experimental data leads to an important practical relation between ¢ and
¢, for all the eddy generators in the range from 0 to x = 150:

P — 0,427 B, —;- — 150, (4)

and hence to the expression
R R
g Prdr = (2.36 011" —1) S pw? rdr,

which may be used to solve integral momentum relations for swirling flow in tubes.
The first and second Euler theorems, written for swirling flow, yield the two equations

d]_\/I = — 4nR3vyy, d;iz = —4nR%*x,, (5)
X

dx ;
and hence it is possible to calculate the limiting swirl angle for the flow at the wall tane
¢, and the axial, tangential, and total coefficients of surface friction. For example, the
expressions for tan¢y and cyx/2 are as follows:

0.31 8 ka);
: (D&;BI

{V Red [0.95’—]— 1,8 —RT_,F[—]}z

€q

(6)

: m .os1, C
1g = 0427 — &P ; ==
2 Py k * 2

where the numerical value of ¢, 1s determined by simultaneous solution of Eqs. (3) and (4).
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6. Hydraulic Drag

The energy losses in the channel are determined using the Bernoulli equation, written
for a nonuniform distribution of the local flow parameter over the channel cross section. 1In
this case the expression for the hydraulic-drag coefficient is

E= — = AE . (7
pw?

24

0

w,rdr

For convenience of calculation, the mean velocity distribution is chosen as the scale;
the total expression for the hydraulic-drag coefficient can then be written as the sum of
the individual components:

E=L+E+& (8)

Generalizing the experimental data for all the eddy generators yields the following
equations:

£ = 1.80 B4fn —0.29; & 4 &= BReg”; § = ARer (9)
tf = 115050 — 0.13,

and the numerical values of A, B, and a are given by the expressions

A=23185"" B=189%.0% a=72-1028;%7° (10)

Since the relative change in energy of the flow over the length of the channel is also
exponential

E == exp(— cx), where ¢ = 1.36-1072%5, (11)

it is possible to determine the hydraulic drag of the swirling flow per unit length of tube.
Simple transformations give

A= Bc Rez” exp (— cx), (12)
where B, ¢, and a are given by Eqs. (10) and (11).

7. Length of Hydrodynamic Initial Section

This term will be understood to mean the distance from the source of swirling to the
cross section at which the local and integral flow parameters take values characteristic for
axial stabilized flow in the tube. The value xjo defined in [16] is taken as the scale.

Three characteristics are used in the analysis: stabilization of the hydraulic losses
per unit length of tube, the tangential frictional stress at the channel wall, and the uni-
versal velocity distribution.

Results obtained for one set of flow conditions are shown in Fig. 3. Analysis of the
experimental data shows that the initial swirl intensity has the greatest effect on the ratio
iI/XIO; the effect of Req is negligible. The generalizing equation for the range of param-
eter values investigated is '

%y = 1.35Rez """ [14-(9.125 — 1.95-107° Re,) (0.427 Bify )(O 08126107 Reay, (13)

Analysis of the stabilization of the turbulent characteristics shows that the pulsation
intensity corresponds to values of the axial stabilized flow over the length that are 10-20%
larger than those given by Eq. (13).

NOTATION

= M/K;:R;

R -
cx/2 = wa/poW;o; d ="2R; E=2n YP*wﬂﬁr, energy; E = E/Ein; G, flow rate; 9,

[
¢ = M/KyR, intensity of swirl at an arbitrary cross section; é*in’ 5ins mean values of &,
' - - _ R _ . R
and ¢ at inlet; & = @/@in; ‘D* = (D*/@*in; M =2z jpwxw(pr?dr; M= M/Min; Ki=2x g' pwirdrs axial
: b 0

R .
momentum; Kz= 2n Y(P-+pwb/dﬁ Kz = Ky/Kyins R, = K;/Kiin; Reyq = pu2R/u; mean-flow-rateReynolds
!
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number; x = g/ZRi X, Ty ¢, cylindrical coordinates; wx, wp, Wy, axial, tangential, and total
velocities; Xy, X7,, lengths of hydrodynamic initial section with swirl and without it; tyx,
Tgws Trys tangential stresses at wall; tang,; = tow/Txys ¥5 = wy/v¥; ny = yvi/v; vE = YTyg/0;
@, angle of swirl; @1, n, eddy-generator parameters; 9 = MVp/GVKy; £y = —AE;/0.5Gu?; EY =
—AE;/0.5Co1W31; PoiWo:, mean mass-flow-rate density in eddy-generator cross section; A, dif-
ference. Indices: s, swirl; eg, eddy generator; in, inlet; w, wall; 00, channel axis; I,
initial; 0, maximum.
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STATISTICAL CHARACTERISTICS OF MASS LOST IN
THERMAL DESTRUCTION

G. D. Petrov and V., L. Rovinskii UDC 536.36:535.46

It is shown that there are characteristic pulsations of the concentration of con-
densed particles in the high-temperature destruction of solids in the absence of
gasdynamic pressure.

The thermostability of materials under the action of a high-enthalpy flow is one of the
main factors determining the efficiency of operation of much modern thermal equipment. How-
ever, many aspects of the thermal destruction of solids remain unclear; in particular, the
disperse characteristics of the material produced have been inadequately studied. In cal-
culating the efficiency of thermoprotective coatings the mass lost in the form of disperse
phase is often ignored, which leads to significant errors [1, 2]. In considering ablation
it is usually assumed [1, 3] that the destruction of a thermoprotective coating in a high-
enthalpy flow occurs with the formation, at the surface, of a molten layer, which is then
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