temperature of the medium; Y = dV/dy, shearing rate; T*, temperature of the isothermal
plate. Dimensionless quantities: W = V/U, flow velocity; ®= (T —-T?)/T*; 4= (T —-Tﬁ)/Tﬁ,

temperature of the medium; & = y/h, vertical coordinate; &; and &,, core boundaries; £o, co~
ordinate of the plane where the shearing stress vanishes; o = upU/(Ah)m/ﬂh, Bo = To/Ah, and
% = AUh?/\T*, parameters; B =%/o, dissipative parameter; Nujs, Nusselt numbers at the iso-
thermal plate; Sen = Toh/ppU, St. Venant—TI1'yushin number; Br = upUZ/AT*, Brinkman number.
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EFFECT OF SELF-OSCILLATIONS ON THE HYDRAULIC RESISTANCE OF
A VORTEX TUBE

Yu. A. Knysh . UDC 532.526.4

It has been established experimentally that the hydraulic loss increases as tan-
gential self-oscillations develop in a swirled flow.

Swirling of liquid and gas flows is widely used in modern technology as an effective
means of intensifying the heat and mass exchange processes. It has been noted that the ex-
penditure of energy on flow advancement increases with an increase in the heat exchange inten-—
sity. This effect is most strongly pronounced in the case of short vortex tubes with high
vorticity at the inlet [1]. The increase in the heat exchange intensity and the resistance
is usually explained by the effect of mass forces, which generate secondary flows and an ele-
vated turbulence level. The other well-known characteristic of a swirled flow — its capacity
for spontaneous excitation of intensive, regular velocity and pressure pulsations — is usually
not taken into account. However, the results of many experiments indicate that self-oscilla-
tions are closely related to transport processes [2]. Thus, the highest energy exchange in-
tensity and a considerable reduction in the throughput of a vortex tube are observed under
conditions where the pulsation amplitude is at a maximum. The present article advances the
hypothesis that self-oscillation processes are among the most important factors which deter-
mine the acceleration of heat exchange and the increase in the hydraulic resistance in a vor-
tex tube. The experimental data given below refer to the interrelationship between oscilla-
tions and the hydraulic loss, and they support to a certain extent the above point of view.

The experimental simulator is shown schematically in Fig. 1. An endless-screw swirler 2
is mounted in a cylindrical tube 1, whose length is L and the radius ro = 8 mm. The dimen-
sions of 10 different screws make it possible to vary the degree of flow vorticity in the
range from A = 1.76 to A = 16. The vorticity parameter is calculated by means of the expres-
sion A = 7r2 sin B/Fin after Abramovich [3]. The swirler is fastened on a mobile hollow rod
3; by moving this rod, the distance L can be varied in the 5-400-mm range. If necessary,
the central cavity of the tube can be made to communicate with the ambient by opening the
valve 4 inside the through-passage in the rod. The sides of the tube are provided with holes
5 which allow a dye to be fed into the flow to make it visible or allow pressure and velo-
‘city data units to be mounted.

The water flow 6, which arrives from the delivery branch pipe 7 while the valve 4 is in
the "closed" position, produces in the cylindrical tube beyond the swirler a hollow vortex 8,
which performs combined rotary and translational motions. Liquid from the ambient is drawn

Kuibyshev Aviation Institute. Translated from Inzhenerno-Fizicheskii Zhurnal, Vol. 37,
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Fig. 1. Schematic diagram of the vortex tube.

into the central cavity of the vortex; the recirculating vortex core 9 is formed from this
liquid. Energy and mass exchange, which sometimes acquire a strongly pronounced self-
oscillatory character, occurs continuously between the basic and the recirculation vortex
flows. The instability of the interaction manifests itself in the fact that the vortex core
moves as a whole to the distance e from the tube axis and performs precessional motion about
it [4]. The precessing mass of the core exerts a periodic dynamic action on the basic flow.
As a result, velocity and pressure pulsations, synchronous with the precession, develop in
the basic flow. In correspondence with the principle of conservation of the angular momen-
tum of circulation and the principle of continuity of flow, in places where the cross—
sectional area of the flow is reduced at a certain given moment (Fig. 1, region a), the flow
velocity and pressure increase relative to the mean values pertaining to the symmetric posi-
tion of the vortex core. The velocity and pressure, on the contrary, decrease on the dia-
metrically opposite side (region b). The time of one full revolution of the core's center
of mass about the tube axis is equal to the period of a single oscillation of the parameters
of the basic vortex.

The velocity pulsations and the precession of the core can be observed visually in a
transparent tube. Small air bubbles introduced through capillary 5 or a dye delineate
clearly a helical streamline, whose slope with respect to its axis is equal to y. Under non-
stationary conditions, the magnitude of the slope varies periodically in exact correspondence
with the rotation angle a of the precessing core 9. The pressure and velocity data units
record periodic variations of static pressure and velocity in the flow. The pressure varia-
tions have a phase lead relative to the velocity variations. In the absence of extraneous
disturbances the signal has a sinusoidal shape. The oscillation amplitude is proportional to
the core shift e, while the frequency is proportional to the angular velocity of precession.

Means for amplifying or reducing the pulsation amplitude are provided in the experimen-
tal simulator in order to determine the role of self-oscillations in the rise of hydraulic
resistance. Partial or complete suppression of the nonstationary interaction between the
basic vortex and the core is achieved by reducing the tube length L beyond a certain limiting
value or by opening the valve 4. The damping of oscillations in the first case is explained
by a reduction in the length of the section of interaction between the vortex and the core.
In the second case, the vortex core is formed from the liquid drawn in from the screw and
moving in the direction of the screw axis. The reduction in the radial gradient of the axial
velocity achieved in this manner lowers the intensity of energy and mass exchange between the
vortex and the core, which reduces or completely suppresses the development of precessional
self~oscillations.

Introduction of a small volume of air in the cavity of the liquid vortex also is an
efficient method of eliminating self-oscillations. Since its density is lower, the air
floats toward the axis and occupies the volume of the liquid core, whose mass is carried
away by the basic flow beyond the confines of the tube.

It has been established that flow stabilization achieved by means of any of the above
damping methods always entails a reduction in the hydraulic resistance. As an example, Fig.
2 shows typical relationships between the hydraulic resistance coefficient and the Reynolds
number for self-oscillatory and stabilized flow conditions. It is evident from the diagrams
that, in the presence of oscillations in the flow, the coefficient £ is consistently higher
by 10-20%. The value of £ is calculated by means of the well-known [5] expression £ = 2AP/

2
mee.

We did not succeed inestablishing a single-valued quantitative interrelationship
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Fig. 2. Hydraulic resistance coefficient as
a function of the Re number for a tube with
L/d = 6 and the following flow conditions:

1) nonstationary, A = 6.07; 2) stabilized,

A = 6.07; 3) nonstationary, A = 1.76; 4) sta-
bilized, A =1.76.

between the variation of £ and the amplitude and frequency of oscillations. The point is
that the efficiency of the action of oscillations depends to a considerable extent on the
flow velocity, the degree of vorticity, the relative length of the tube, and a number of
other factors. Moreover, the amplitudes of velocity and pressure pulsations along the tube
are essentially unstable. The maximum value of the amplitude AP' is observed, as a rule,
near the outlet of the tube. This was used as the reference value in processing the experi-
mental data.

Figure 3 shows a number of characteristic relationships between the basic parameters of
swirled flow and the relative length of the vortex chamber. With an increase in the length,
the relative amplitude of pressure pulsations AP' = AP'/AP first increases continuously up
to a certain maximum value and then declines. The hydraulic resistance coefficient and the
relative vacuum near the swirler's axis e = (P, —-Pax)/pwée'varyin.asimilax'manner.The in-
tensity of the reverse flow, defined as the ratio of the discharge in the flow core to the
discharge in the basic vortex, G = GCO/GV, decreases monotonically.

Figure 4 shows the curves of these parameters as functions of the Reynolds number for a
vortex tube with the length L = L/d = 6 and the geometric characteristic A = 1.76. The Rey-
nolds number is calculated with respect to the mean—discharge velocity and the tube diameter.
Tests of other variants of the experimental tube have shown similar results. In the range
of the investigated combinations of dimensions, an increase in the oscillation amplitude is
always accompanied by an increase in the hydraulic loss. In the range of the falling branch
of the amplitude curve, the coefficient of hydraulic resistance varies slightly. Our exper-
imental results can be interpreted in the following manner.

The hydraulic resistance during the motion of a swirled flow within a cylindrical tube
is composed of the loss due to frictionm between the liquid and the side walls of the channel
and the loss due to kinetic energy dissipation during interaction between the basic vortex
and the core. As was shown in [6], the relative share of the loss due to friction against
the walls is relatively small. Therefore, the sharp increase in the hydraulic resistance as
oscillations develop is most probably caused by a change in the character of interaction be-
tween the flows. The mutually opposite flows of the liquid in the axial direction create
the necessary prerequisites for the development of an anomalously high turbulence initially
at the interface between the flows. The core precession, by increasing periodically the
radial gradients of the axial velocity, stimulates a strengthening of the regular, large-
scale high-intensity turbulent vortices, which subsequently spread virtually over the entire
cross section of the flow. Through this vortex system, a maximum amount of kinetic energy
is transferred from the basic flow to the core and is then dissipated in the ambient. In
this, the positive pressure gradient in the axial region of the tube (characterized by the
value e = P, — Pax) increases continuously, while the reverse flow velocity in the core
rises, which causes an increase in hydraulic resistance to the axial motion of the basic
vortex.

Tt should be noted that the above-described methods of influencing the flow for damping
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Fig. 4. Relationships between the Re number and the following
quantities: 1) G; 2) &5 3) e; 4) AP'; A = 1.76; L/d = 6.

purposes also affect the degree of vorticity. Thus, both the vorticity and the hydraulic
loss can be reduced to a certain extent by increasing the length of the vortex chamber and
providing an axial supply of the liquid. If the flow then remains a steady-state flow, the
drop in the hydraulic resistance, as is known [6], is small. With the development of regular
velocity pulsations, the hydraulic resistance displays a virtually jump—like increase by an
amount proportional to the amplitude and the frequency of oscillations, i.e., oscillations
and the degree of vorticity exert opposite influences on the hydraulic loss in a swirled flow
when the length of the vortex chamber is varied. The effect of oscillations is predominant.
In these experiments, we did not succeed in determining separately the contributions of these
factors, since the development of oscillations is intimately related to changes in the most
important hydrodynamic characteristics — the turbulence intensity and the distribution of the
mean velocity field.

Nevertheless, on the basis of the qualitative results obtained, we reach the conclusion
that oscillation damping constitutes a highly efficient means of reducing the hydraulic loss
in some vortex apparatus. For instance, simultaneous supply of an amount of air through the
central opening in the swirler resulted in a 107 reduction in the hydraulic resistance of a
cyclone separator [4]. In another case [7], this method was used to increase the throughput
of a swirl gas nozzle (by more than 15%). An efficient method of damping pulsations in the
flow is to use the separating insert for cyclones described in [8], which prevents direct
contact between the basic vortex and the core, thus eliminating the possibility of unsteady
interaction between them. Implementation of this proposal would make it possible to reduce
by 20-40% the pressure loss in a cyclone dust extractor without impairing substantially the
degree of air purification.

\

NOTATION

L, tube length; ro, d, radius and diameter of the tube, respectively; Fip, cross—sec-
tional area of the swirler's inlet channels; rco, radius of the vortex core; 8, Y, and a,
slope of the helical curve of the screw, streamline angle, and rotation angle of the core's
center of mass, respectively;e, shift of the core center relative to the tube axis; £, coef~-
ficient of hydraulic resistance; Pj,, Pax, and P,, pressure before the tube inlet, near the
axis, and in the ambient, respectively; p, Wpe, density and mean-mass velocity of the liquid,
respectively; AP, AP', total pressure drop and amplitude of pressure oscillations, respec-
tively; e, relative vaccuum in the axial region; Re, Reynolds number.
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EFFECT OF AXIAL CURVATURE ON AERODYNAMIC CHARACTERISTICS
OF PLANAR CHANNELS

A. 5. Mazo UDC 533.6.01

The effect of axial curvature on average characteristics of a turbulent flow of
incompressible liquid in the gap between two coaxial cylinders is studied.

Calculation of aerodynamic characteristics of channels with cylindrical walls for lami-
nar flow was performed in [1]. Experimental studies of turbulent flow in curvilinear chan-
nels were performed in [2-5]. Both averaged characteristics [2-5] and turbulent flow struc-
ture [3] were studied. However experimental data have been obtained only for relatively
slightly curved channels (rp > 4.5H). At the same time, technological applications employ
highly curved channels (see, e.g., [6]).

The present study is a systematic calculation of the effect of axial curvature on the
averaged characteristics of a turbulent flow in a channel with cylindrical walls, these
characteristics being the velocity profile, tangent stress coefficient, and resistance coef-
ficient, for various Reynolds numbers Re. For the sake of definiteness we will consider a
stabilized flow, in which the velocity does not change along the axial coordinate. Such a
flow is defined by one geometric parameter, the relative curvature ry/H (or r,/r;), and in
the case of an incompressible liquid, by one regime parameter, the Reynolds number Re.

It is known that curvature has a significant effect on turbulent exchange. At the pres-
ent time various methods have been proposed to consider the effect of curvature on turbulent
friction. In [7] an analysis and calculated comparison was made of various semiempirical
turbulence hypotheses for a stabilized flow in a round channel. It was shown that the gen-
eralized theory of the Prandtl displacement path

T, = pl%a? 8|6, ()
_du__u
T dr r (2)

produces satisfactory results on the whole. Prandtl's formula may be obtained from the tur-
bulent energy balance equation, if we ne%lect convective (absent in stabilized flows) and
diffusion terms and also take vy = Cle™*/%. Since the term 146 is written exactly, this ex-
pression considers the major effect of curvature, i.e., additional generation of turbulent
energy at the concave wall, and suppression of the same at the convex wall.

. As is well-known (see, e.g., [9]) the displacement path length is weakly dependent on
flow conditions: for a boundary layer on a plane plate and for developed flow in a tube the
expressions for displacement path length practically coincide, and have little effect on Re
and the axial pressure gradient. Also, as follows from physical considerations [9] and
#irectly from measurement [3], the integral scale of turbulence (and consequently, the dis-
placement path length) increases somewhat at the concave wall and decreases somewhat at the
convex wall. However at present there are no systematic experimental data on the effect of
curvature on the turbulence scale.

'Translated from Inzhenernmo-Fizicheskii Zhurnal, Vol. 37, No. 1, pp. 65-71, July, 1979.
Original article submitted August 22, 1978,
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