ENERGY BALANCE OF AVERAGED AND PULSATING
MOTION IN ANNULAR TURBULENT FLOWS
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The energy balance of averaged and pulsating motion in the annular channels between co-
axial rotating cylinders is considered.

The results of an experimental investigation into hydrodynamics and heat transfer in annular turbulent
flows between coaxial rotating cylinders were presented in [1-5]. A fuller representation of the laws of
rotational flow may be obtained on considering the energy balance of averaged and pulsating motion.

The energy balance equation of averaged motion E; = 0.5 (;§{ + ;21. + ;2@) may be written in the following
dimensionless form, in the absence of external forces and on the assumption of constant physical prop-

erties of the liquid:
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This relates to the plane annular turbulent flow of an incompressible liquid, statistically homogeneous on
cylindrical surfaces corresponding to constant radius. In flows of this kind the conditions vy = vy =0, Vo
= v¢(r) and p = p(r) are satisfied for the velocity components and pressure, while the derivatives thh re-

spect to the axial (x) and tangential (¢) coordinates of the averaged quantities equal zero.

The first term of this equation (A) has the physical sense of a local change in the kinetic energy of
the averaged motion, the second (B) and third (C) terms correspond to the work of viscous and turbulent
shear stresses, while the last one (D) describes mutual transformations of the energy of averaged and
pulsating motion [6, 7].

The turbulent energy balance equation E = 0.5 (v + V2 + v/ ) for the flow under consideration takes

the form
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In Egs. (1) and (2) the notation cpl v /v*l, Vi =V Ti/ 05 i X =%/ ( (ry —11)3 sr=r/ (ry -—ri),f =tvy/ (Cy — Ty);
Rej = vyylry —1y) /v, i=1,2 corresponds to the rotation of the internal and external cylinder, respec-

tively.
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Fig. 1. Distribution of the total (T ) turbulent (Ttur),
and laminar ('rl) tangential fmctlonal force, the average
velocity (v ), and the turbulence energy (E) in channels
with internal and external rotating cylinders respec-
tively.

In Eq. (2) we have omitted the small terms associated with the convective energy transfer due to the
turbulence of the average motion and also with the related viscous and turbulent diffusion.

The viscous and turbulent diffusion of the energy of the pulsating motion only play an appreciable part
in the flow close to the wall, in the laminar and fransitional layer [7].

The first term (I) of Eq. (2) represents the local change in the kinetic energy of the turbulence. The
second term (II) differs from the fourth term (D) in Eq. (1) in sigh only, and as before describes mutual
transformations of the energy of averaged and pulsating motion; the third term {III) represents the viscous
dissipation of the pulsating energy into heat.

Thus in the approximation under consideration the principal role in the energy balance of the pulsating
motion is played by the generation (II) and dissipation (III) of energy. For steady-state flow (dE/dt = 0)
these quantities are approximately the same over a great part of the channel cross section, so that the
turbulence is practically ina state of energy equilibrium. In this case, by determining the term (D) experi-
mentally we may find the energy dissipation (III).

Figure 1 shows the distribution of the average velocity (~<p V(D/ V(p1 the turbulence energy (E
= E/ u>kl and the tangentlal frictional stress, comprising the total (‘ Ttot = Ttot/ i3 (Ttot = 77 + Ttyr)s turbulent
(Ttur Ttur/ Ti5 Ttur = —PV! Vr) and laminar [1; = 77/ 7;; T = pdv / dr —v / 1)} components in channels
with internal and external rotating cylinders respectively [3, 5]. Usmg these data we may readily calculate

all the terms in the balance equation for the average and pulsating energy.

In the calculation, the correlation (vrv } close to the walls of the annular channel was found from the
expression v, VIVE =—1/p + V( dvcp/dr —v(p/r while 7/p =—v%;r{/r?in the case of the rotation of the
inner cylmder T

The results of the calculations relating to the rotation of the inner cylinder are presented in Figs.
2 and 3.

It shouldbe noted, first of all, that the energy balance of the averaged and pulsating motion holds to
a fair accuracy over practically the whole radial cross section of the channel.

However, the values of the terms in Eq, (1) vary with radius.

The inner rotating wall of the annular channel sets the neighboring layer of liquid in motion by virtue
of adhesion. As a result of the operation of viscous shear stresses, there is an increment in the kinetic
energy of averaged motion in this region of flow (curve B in Fig. 2a).

T Here and subsequently the index 1 refers to the inner and the index 2 to the outer cylinders.
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Fig. 2 Fig. 3
Fig. 2. Energy balance close to the walls of the annular channel: a) at the inner rotating
surface; b) at the outer stationary surface.

Fig. 3. Energy balance in the central region of the channel with an international rotating
cylinder.

The averaged flow is retarded under the influence of turbulent shear stresses, losing a certain pro-
portion of kinetic energy (Fig. 2a). The other part of the kinetic energy of the average motion is converted
into energy of pulsating motion (generation of turbulence). Owing to the generation of turbulence energy,
the losses in the energy of averaged motion increase sharply in the direction of the wall (curve D).

In the boundary region of the flow @pproximately 30 < 1 < 80 or (r —ry)/ (ry —ry) < 0.2) the genera-
tion of turbulence (curve D) exceeds the inflow of energy directly due to work of the viscous shear stresses
(curve B). The balance is made up by an additional inflow of energy due to the work of the turbulent shear
stresses (C).

Thus a flow of kinetic energy associated with the averaged motion is directed into this region of flow,
and is converted into turbulence energy in the latter.

On moving away from the rotating wall, the component of the energy balance characterizing the in-
crement in the kinetic energy of averaged motion due to the work of the viscous frictional forces falls
rapidly, and for (r —r;)/ (ry —ry) > 0.2 it becomes negligibly small (curve B in Fig. 2a). The energy
losses associated with the generation of turbulence (curve D) are compensated by an increment due to the
action of turbulent shear stresses (curve C). This component actually passes through zero and for n > 30
becomes negative, which corresponds to an increase in kinetic energy.

Near the outer stationary wall of the channel (ry) the role of the components B, C, and D of the
averaged-motion energy balance is very different from their role close to the rotating wall.

The increment in kinetic energy is here effected by the action of the turbulent shear stresses (curve
C in Fig. 2b). This increment is compensated by 2 loss in the kinetic energy of averaged motion, owing
to its conversion into turbulence energy (curve D) and work of viscosity friction (curve B), The turbulence
energy generated by the averaged motion is dissipated into heat by virtue of the viscous forces.

The generation and dissipation of the energy of pulsating motion practically balance each other over
the greater part of the width of the annular gap (curves C and D in Fig. 3).

Thus in the direction from the rofating wall of the channel to the stationary wall there is a
flow of kinetic energy of the averaged motion; near the rotating wall this is associated with the work
of viscous frictional forces, and over the remaining, greater part of the cross section with the work of
turbulent shear stresses. This flow is balanced close to the rotating wall by the energy loss due to the
work of the turbulent shear stress and the generation of turbulence, and close to the stationary surface by
the viscous shear stress and the generation of turbulence energy.
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In the central region (region of developed turbulent flow) the flow of kinetic energy associated with
the averaged motion is compensated by transformation into turbulent energy. The maximum generation
of pulsational energy occurs near the walls for 7 ® 10. In the greater part of the annular-channel cross
section the generated turbulence energy is directly converted into heat by turbulent dissipation.

It would appear that, as in the case of rectilinear flows [7], a2 more complicated picture of the dis-
tribution of pulsating energy should occur in the immediate vicinity of the walls (in the region of the laminar
and transitional layer), where a substantial part should be played by the terms associated with the vis-
cous and turbulent diffusion of turbulence energy. The turbulent diffusion in particular, ensures the trans-
fer of turbulence energy from the region of its maximum generation to the inner and outer layers of the
liquid.

A considerably more complex distribution of the energy balance occurs in the case of annular flow
with stable stratification, created by the rotation of the outer cylinder, with the inner cylinder stationary.
The action of the centrifugal forces here leads to a sharp quenching of the intensity of the pulsating motion,
and hence to a reduction in the hydrodynamic resistance and heat transfer. In view of this, the turbulent
exchange processes are affected to a considerable, often decisive, extent by various external actions
operating on the flow, such as eddy currents at the end surfaces of the channel, the turbulizing flow in
the measuring device {4], vibration or roughness of the rotating and stationary walls of the channel, etc.

End effects have a particularly marked influence [1, 4]. The presence of a stationary end wall leads
(owing to the retardation of the neighboring layers of liquid and the action of the radial pressure field)
to the development of a secondary vortical motion, directed close to the wall in the direction of the station-
ary (inner) cylinder and carrying elements of liquid rich in energy. The flow takes on a complex three-
dimensional character.

Exclusion of the effects of the end walls and other external actions laminizes the flow for the angular
velocities of the outer cylinder usually attained in practical experiments [1].

The disruption of the plane flow due to the development of secondary eddy currents at the ends of the
channe] prevents us from estimating the energy balance of turbulent motion on the basis of Eqs. (1) and (2).

However, the use of the more rigorous equations, containing terms associated with the convective
transfer of the average motion and with viscous and turbulent diffusion, is hardly feasible at the present
time owing to the absence of adequate experimental data, and this will have to be a subject for later study.

Figure 1 shows the distribution of the kinetic energy of pulsating motion E2 =E/ v,k2 and the corre-
lation T¢yps = Vrv / Vi measured in an annular channel with an outer rotating cylinder [4]. We see from
the ﬁgure that the energy Ez falls rapidly in the direction of the inner stationary wall. The correlation
VyVe = Ttura/ p behaves in an analogous way.

It should be noted that the correlation (m) has a positive value in the region of the measurements.
This is primarily due to the mixing of the energy-rich layers of liquid near the rotating cylinder and low-
energy layers near the stationary one by the secondary eddy currents at the end walls. In addition to this,
further mixing is provided by the measuring devices, vibration, surface roughness, etc. The action of
the field of centrifugal forces under conditions of stable stratification amounts to the fact that liquid ele-
ments possessing higher tangential velocities tend to move in the direction of the outer rotating wall, and
those with lower tangential velocities toward the stationary wall.

Thus statistically the mean value of the correlation vI'.vég becomes positive. A similar qualitative
picture holds true in the centrifuging of a liquid inhomogeneous in density, when the lighter elements of the
liquid assemble close to the axis of the centrifuge.

The difference in the signs of the turbulent (Tturs = —PVEV! oviv! ) and viscous (179 = u(dv /dr —v /r
shear stresses leads to the following curious fact. The total shear stress found from the equatwn Tiot2
= Tigp + 77 =—pViV], + ,u(dvq;/ dr —v / r) may have a sign opposite to that of the frictional stress at the
rotating wall of the channel (Fig. 1). Thls may occur because the principal mechanism determining the
transfer of the torsional stress to the inner (stationary)cylinder is evidently transfer by the secondary
eddy currents arising at the end walls of the channel. The sign difference between Tiypz 20d 775 may also
be explained by the reduction in the moment of the frictional forces at the inner cylinder (to values smaller
than those associated with laminar flow) observed in experiments involving flow in a channel with an outer
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rotating cylinder [4]. It should be noted, at the same time, that the end effects do not exert any substantial

influence on the processes of turbulent transfer in channels with an inner rotating cylinder (with unstable
stratification of the flow) [3].
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NOTATION

is the energy of averaged motion;

is the energy of turbulent motion;

are the axial, radial, and tangential components of the velocity vector;
is the pressure;

are the axial and radial coordinates;

is the time;

is the dynamic velocity;

is the total tangential frictional stress;

is the turbulent friction;

is the viscous friction;

p is the density;

v is the kinematic viscosity;

Vis Vis v are the axial, radial, and tangential components of the mean-square pulsations

of the velocity vector;
10} is the dimensionless tangential velocity;
n is the universal coordinate.
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