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Parametric relations have been obtained, based on experimental data,
for the hydraulic resistance coefficient of rotating tubes, allowing for
the action of mass forces on the fluid flow.

An evaluation of the hydraulic resistance of rotat-
ing tubes is of interest in connection with the design
of cooling systems for rotating machinery.

A fluid, flowing through a rotating tube, is sub-
jected to the action of centrifugal massforces. These
forces may have an active effect on the flow, increas-
ing the turbulence arising from external forces, or a
conservative effect, leading to the suppression of tur-
bulence and to greater stability of the flow.

An analysis of the stability of rotary motion of a
fluid by the Rayleigh method shows that an isothermal
stream will be stable under the condition
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where u is the circumferential velocity, and r is the
radial coordinate.

The flow of a fluid through a rotating tube entails
translational motion along the tube axis, in addition to
rotation, and therefore condition (1) cannot ensure
stability of the flow, but may be considered as an in-
dication that the mass forces are conservative.

A theoretical investigation of laminar flow through
a rotating tube shows [1] that solid-body rotation of
the fluid is established in a stabilized stream, i.e.,
rotation with constant angular velocity equal to the
angular velocity of the tube rotation. It may be sup-
posed that, even in a turbulent flow, the motion is de-
termined also by something close to the solid-body
law.

When the circumferential velocities are distributed
according to a solid-body law, expression (1) reduces
to the condition r > 0, and therefore the influence of
mass forces on the stream is conservative in charac-
ter over the whole tube cross section.

The stabilizing effect of tube rotation on a turbulent
stream has been confirmed by visual observations [2,
3]. The flow visualization was achieved by means of a
dye. A turbulent flow regime was established in a tube
at rest, and the flow returned to the laminar condition
when the tube was rotated with a certain velocity.

The mechanism of the effect of centrifugal mass
forces on turbulence in a rotating tube has not been
studied, but, on the basis of an experimental investi-
gation of turbulence in the gap between rotating cylin-
ders [4], it may be supposed that the mass forces de-
crease the radial component of fluctuating velocity.

The laws for the hydraulic resistance of rotating tubes
and the boundary of the fluid flow regimes have been
studied experimentally. A generalization of the exper-

imental data, the purpose of the present article, must
begin by setting up a similarity shape parameter to
describe the effects of mass forces on the flow. From
an analysis of the differential equation of motion by
the method of similarity constants, it has been estab-
lished [5], that this effect may be calculated by means
of the parameter
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The same similarity parameter is obtained from an
analysis of the excess mass force formula.

The excess mass force A¥*, which arises during a
chance radial displacement of a particle of fluid by a
volume AV with a trajectory corresponding to radius
r to a trajectory with radius r = ry+ Ar(Ar> 0), is
given by the formula
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Following expansion of the quantity M%/p in a Taylor
series, and simple transformations, we obtain
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where AF = AF¥*/Av. ,

Analysis of expression (4} by the method of simi-
larity constants also yields the parameter K (formula
(2)). Thus, the equation of fluid motion and the expres-
sion for the excess mass force, which is used in anal-
ysis of flow stability, lead to the same similarity pa-
rameter.

Choosing a characteristic dimension to be the dis-
tance between points giving the maximum and mini-
mum mass force, equal to the tube radius r, and re~
placing AF by pu?/r in (2), we obtain, for isothermal

‘conditions,

L (‘.‘E)z. (5)

When multiplied by Re?, parameter K for isother-
mal streams reduces to the parameter S:
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The parameter S is uniquely related to the circular
Reynolds number:

S = — Re? (7)
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Tig. 1. Results of an experimental determination of the hydraulic resist-
ance of rotating tubes in turbulent flow of air (1-7, according to [6]) and
of water (8—15, according to {3]); 1—Re = 1.32. 104, n—up to 3700 rpm;
2—1.97- 10 and up to 3200; 3—2.44.10* and up to 4500; 4—3.19-10* and
up to 4300; 5—4.12. 10! and up to 4500; 6—5.94- 10* and up to 4500;
7—17.05-10* and up to 4300; 8—3.45.10°—=9,47.10% and 250, 9—2.41.10%—
9.47 + 10% and 500; 10—3.45- 10°=3.08-10* and 1000; 11—6.,04 . 10%—9.47 -
-10° and 1500; 12—6.04- 103—9.47 - 10° and 2000; 13—6.04-10%~9,47 . 10
and 2500; 14—10%=3.13-10% and 2560; 15—5.25-10°=3.17 - 10* and 3120;
a—n = 500 rpm; b—1000; ¢—1500; d—2000; e—2500; f~3120.
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Fig. 2. Critical value of Re as a function of Regjpe:
1) Kas'yanov's tests; 2) White's test.
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Fig. 3. The results of an experimental investigation of hydraulic

resistance of rotating tubes under laminar flow of air (1—4, ac-

cording to [7]) and of water (5—10, according to [3]): 1—n = 800

rpm; 2—1080; 3—1570; 4—2050; 5—500; 6—1000; 7—1500;
8—2000; 9—2500; 10—3120,
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Therefore, to describe the nature of the influence of
rotation on hydraulic resistance and on the boundaries
of the flow regimes, we may use the parameter Re
or the parameter wd/w.

Figure 1 shows the results of investigations of hy-
draulic resistance of rotating tubes carried out by
Levy [6] and_White [3] for Re > 2300 in the form of
the relation £ = f(wd/w). The coefficient §,, entering
into £, was determined by the Blasius law,

The experimental equipment had three sections of
tube with the same diameter and a common axis: a
fixed inlet tube, 2 rotating tube, and a fixed outlet tube.
In Levy's equipment the tube had a diameter of 82 mm,
and the lengths of the inlet, rotating, and outlet sec-
tion were 24d, 18d, and 24d, respectively. The tests
were carried out with air. White's equipment had a
tube with internal diameter of 9.5 mm, the lengths of
the inlet and outlet sections {from {he location of pres-
sure measurement to the rotating tube) were 28d and
100d, and the length of the rotating section was 232d.
The tests were carried out in water,

In reducing the experimental data, the resistance
of the fixed sections was eliminated from the total
resistance by calculaiion, the hydraulic resistance
being estimated from the Blasius formula.

It may be seen from Fig. 1 that with increase of
velocity of rotation, the quantity t at first remains
equal to unity, and then decreases. Here generalized
dependence % = f(wd/w) is observed for a turbulent
flow regime, independent of the value of Re. The sharp
deviation from this relation (the dashed lines), which
occurs at n =idem and for an increase in the param-
eter wd/w, may be considered as transition to a lami-
nar flow regime.

The critical values of the parameter Re, deter-
mined from the bend in the relation £ = f(wd/w), are
compared (Fig. 2) with the results of an investigation
of critical regimes in a rotating tube carried out by
Kas'yanov [7]. Kas'yanov's tests* were carried out
in air. The relation £ =f(Re) for the laminar regime
proved to be general for all rotational velocities, and
the onset of turbulence was characterized by a sharp
increase in hydraulic resistance in comparison with
the laminar flow case.

It may be seen from Fig. 2 that the dependence of
Recrit on RecirC’ as found by means of Fig. 1 and as
determined in Kas'yanov's tests, is in satisfactory
agreement and is described by the general formula

circ

Re o= 7.16 Re%7® + 2300. (8)
This formula corresponds to the solid line in Fig. 2.
Thus, Figs. 1 and 2 show that tube rotation delays
the onset of turbulence and in a turbulent stream it
suppresses the development of fluctuating motion and

*Reference [7] gives no information on the dimension
of the experimental tubes, but the graphs of £ =f(Re)
obtained in the experimental equipment at rest in lam-
inar and turbulent regimes indicate that the tube was
long enough and that there was no influence of the ini-
tial section on the hydraulic resistance.
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therefore substantially decreases the hydraulic re-
sistance of the flow,

Analysis of Fig. 1 allows us to make quantitative
conclusions regarding the hydraulic resistance of ro-
tating tubes for the turbulent flow regime. For wd/w <
= 0.25 rotation has no influence on the hydraulic re-
sistance of the tube (¢ = 1), and therefore the hydrau-
lic resistance coefficient £ is determined by the Bla-~
sius law.

For wd/w = 0.25-0.95

— 0.086 0,086
T = 0.890 (%) or - 28 (w ) . (9

For wd/w = 0.95~10

£ = 0.865 (—9)0'5% or 0278 (=
' ad

0.535 (1)
s (]

Formulas {9) and (10) correspond to the solid lines
on Fig. 1.

Figure 3 shows the relationship ¢ = f(Re), construc-
ted from the results of investigation of hydraulic re-
sistance of rotating tubes in laminar flow {7], as well
as White's test data, which are joined by dashed lines
on Fig. 1. The line "a" corresponds to the Poiseuille
formula for fixed tubes.

Figure 3 shows that the test data exhibit considera-
ble scatter, but no separation of the data points ac-
cording to rate of rotation is observed. The figure
shows that the hydraulic resistance of a rotating tube
under laminar conditions is larger than that of a fixed
tube.

The causes of the scatter of the test data were not
given, but it may be assumed that one cause is vibra-
tion of the rotating tube due to lack of coincidence be-
tween the axis of the fixed and rotating sections.

The available test data on hydraulic resistance of
rotating tubes in laminar flow are insufficient for a
dependence to be obtained, and this question therefore
requires additional study. However, for an estimate
of the upper limit of the possible value of the hydrau-
lic resistance coefficient, for Re =2.3 - 10°~3.5 - 10%,
we may recommend the formula
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which corresponds to the line "b" on Fig. 3.

NOTATION

d is the tube internal diameter; F is the mass force
referred to unit volume; F* is the mass force applied
to a fluid particle; AF is the excess mass force (dif-
ference between the mass forces of two characteristic
points of the system); K is the similarity parameter;
Aj is the difference between the inertia accelera-
tions at two points of the system; [ is the characteris-
tic dimension; M is the moment of momentum of a
fluid particle; n is the number of revolutions of the
tube in unit time; r is the radial coordinate, tube radi-
us; Re is the Reynolds number, based on the mean
mass velocity of the fluid motion; Regj,c 18 the Rey-
nolds number based on the circular velocity of fluid
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motion; S is the similarify parameter; u is the circu-
lar velocity of the inner surface of the tube; Av is the
volume of a fluid particle; w is the mean mass veloci-
ty of the fluid; » is the kinematic viscosity; £ = £ /£¢3
is the coefficient of hydraulic resistance of a rotating
tube; £, is the same for a fixed tube; p is the fluid den~
sity; w is the angular velocity of rotation of the tube.
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