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On the basis of a theoretical analysis of the turbulent stresses due to
momentum wansfer the author determines the excess drag coefficient
in a finely dispersed air-mixture flow. Theresults obtained are checked
against the experimental data,

In [1] it was shown that the dissipation of turbulent
energy by the particles is insignificant as compared
with the total drag of an air mixture. Since in finely
dispersed air mixtures the bulk of the particles move
in the suspended state and, in practice, the energy
losses due to impact against the walls can be disre-
garded, we may assume that, as in the turbulent mo-~
tion of pure air, the drag is associated with intense
turbulent mixing. In this case as a result of the par-
ticles being transported together with the eddies there
is an increase in turbulent stresses, which leads to an
increase in friction at the flow boundaries.

In practical flow calculations wide use is made of
the semiempirical theory of turbulence based on the
ideas of momentum transfer in the flow cross section.
Accordingly, it is of interest to apply the momentum
transfer theory to the motion of an air mixture to ob-
tain formulas for the drag.

In analyzing the particle transport processes the
following assumptions will be made:

1) the principle of superposition of losses applies,
i.e., the drags consist of the sum of the drags due to
the motion of the pure air and the motion of the par-
ticles; the turbulent stresses are composed of the
stresses due to the transporting of certain volumes of
the medium and the additional stresses due to the
transporting of the particles contained inthose volumes;

2) the effect of the particles on the kinematic flow
structure is insignificant;

3) the particles are quite uniformly distributed over
the cross section;

4) the effect of gravity on the motion of the parti-
cles can be neglected;

5) the effect of particle impact against the walls is
insignificant.

The turbulent stresses for pure air and an air mix-
ture are respectively equal to
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After transformations we obtain
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In pneumatic transport the volume concentrations
usually do not exceed one percent. Therefore we as-
sume that 1 — s = 1. Moreover, it is obvious that

Then from (3)
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Dependence of (1/k —1)!/2 on the
parameter Ugyu /gD according
to the data of experiments on
pneumatic transport of coal dust
in a vertical tube with D = 0.054
m: 1) anthracite (pg =1810 kg/
m3, dyy =0.0425 m, u, =0.077
m/sec); 2) bituminous coal (pg =
= 1660 kg/m®, dyy = 0.044 mm,
u, = 0.078 m/sec).

The instantaneous value of the particle fluctuation
velocity is given by [1, 2]
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Using (5), we obtain
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We assume that w; ® w, = w. Then
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From a comparison of the right-hand side of the
equation obtained and the approximate value of the
fluctuation velocity of the medium ui Zua'i sin wt [1]
we see that under the averaging sign we have uj and
uj shifted in phase. A phase shift of the instantaneous
values does not affect the result of averaging over a
large time interval. Consequently,
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and (4) takes the form
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The following formula is widely used for determin-
ing the drag:

=i (1+Fkp), (7)

where in the general case k depends on the physico-
mechanical characteristics of the particles and the
transport parameters.

Since the following relations {3] are valid for one-
dimensional flow in a circular pipe with a pressure
gradient:
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and the specific pressure losses are, respectively,
equal to i = 46'/D and iy = 46/D, from (8)—(9) we
find that
PRSI (10)
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The use of Eq. (10) is complicated by the fact that
the particles are affected by fluctuations of the medium
with a broad frequency spectrum. Since the effect of
fluctuations of different frequencies on the motion of a
particle is not the same, it is necessary to find the
characteristic frequencies that play the decisive part
in the motion of the particles and link them with the
general flow parameters.

The general case of particle motion with allowance
for the integral frequency spectrum was considered by
Tchen In [4, 5]. For the case of particles moving in
air, when py > pg, from Tchen's results for w = 0
there follows
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From the relation obtained it follows that the excess
drag coefficient is equal to the ratio of the energy
spectra of the particles and the transport medium,
which, generally speaking, is valid only if the fre-
quencies of the longitudinal and transverse fluctuations
are equal.

Since
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from (11) for a narrow interval of frequencies w, we
obtain
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(It should be noted that the same result can be obtained
from. Eq. {5), which corresponds to the special case of
single-frequency motion).
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The result obtained shows that the effect of fluctua-
tions of different frequency on the particle fluctuation
velocity decreases sharply as the frequency increases.
In fact, uy = f(wy), while for steady conditions (D =
= const, Uyy = const) and fully developed turbulence
we have [6]
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where ¢ does not depend on the scale of turbulence
and is a constant characteristic of the given flow.
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Relation (16) gives the part of the total particle
fluctuation velocity due to fluctuations in the narrow
range of frequencies wy.

To estimate the effect of the different frequency
components we used Laufer's experimental data on the
turbulent flow spectrum in a eircular pipe with D =
= 0.25 m at Ugy = 30 m/sec [5]. The measured fluctua-
tion frequencies ranged from wmijn =90~ 150 sec™!
to-wmax =1.5-10° sec”l, Calculations based on (18)
for coal particles of density 1660 kg/m® with 7 = 10~2
sec (d = 0.044 mm) show that on transition from fre-
quencies wpin ~ 10? sec™! to frequencies wy, = 10°
sec™, i.e., in a region comprising roughly 0.01 of the
entire frequency range, the quantity u'sn decreases by
a factor of 20. From this it follows that the particle
fluctuation velocity is chiefly determined by the fluctua-
tions of the medium on only a narrow interval of min-
imum frequencies w =~ wyyjp, Where in accordance with
(14)

Omin ~ U, /D, an

and the proportionality factor is on the order of unity
[6]. For the conditions of Laufer's experiments with a
proportionality factor equal to unity from (17) we ob-
tain Wi = 120 sec™, whichisingood agreement with
the data presented above.

1t should be noted that the experimental data indicate
the approximate equality of the minimum frequencies
for the longitudinal and transverse fluctuation compo-
nents [5], which confirms the validity of our assump-
tion that w; = w,.

Assuming that the decisive influence is exerted by
the minimum frequency fluctuations and considering
that T = u4/g [1], from (10) and (17) we obtain
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where the proportionality factor ¢ is found from an

analysis of the experimental data and may be assumed

to be on the order of unity.
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Thefigure shows the relation (1/k — 1)1/2 = FU puy/
/D) based on the data of experiments on the pneumatic
transport of coal dust in a vertical tube with D = 0.054
m [7]. Tt is clear from the graph that the experimental
data are in rather good agreement with the linear re-
lation corresponding to ¢ = 0.7. Equation (18) can be
recommended for use in connection with the pneumatic
transport of materials in dust form; however, because
of the limited amount of available experimental data
the value obtained for ¢ requires further verification.

In calculating the drags for ascending flows we
should take into account the energy losses associated

with lifting the particles. T the experimental data pre--

sented [7] only the friction drag without the weight of
the column of air mixture is represented.

It follows from (18) that, as the flow velocity in-
creases, the excess drag coefficient decreases, al-
though the total drag increases owing to the increase
in ij. Moreover, as ux — 0, k— 1 and as u, — «,

k — 0. This is because in the case of very small parti-
cles, which are almost completely entrained by the
turbulent fluctuations, the motion of the air mixture is
similar to that of a homogeneous fluid of increased
density p =py(1+p). On the other hand, large parti-
cles are hardly entrained at all by the fluctuations of
the medium, as a result of which there is no turbulent
momentum transfer; in this case particle transport
and the corresponding drag depend on another mecha-
nism associated with the action of the averaged flow
velocity gradient on the particles.

NOTATION

u; and u'si (i is the coordinate index) denote the fluc-

tuation velocity of the air and the particles, respec-
tively; u' and —‘;'s denote the mean-square fluctuation
velocity of the air and the particles, respectively; u},
is the amplitude of the air fluctuation velocity; Uy is
the average flow velocity; u, is the critical particle
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velocity; w is the angular frequency of the fluctuations;
Pg» Pgs and p denote the density of air, particles, and
air mixture, respectively; 7 is the particle relaxation
time; D is the pipe diameter; h is the distance from
the pipe wall; d is the particle diameter; § is the scale
of turbulence; ¢ is the energy dissipated per unit time
per unit mass of medium; 4, and ¢ are the turbulent
stresses in a flow of pure air and air mixture; respec-
tively; 64 and ' denote stress at pipe wall for pure air
and air mixture; t is the time; ¢ is the phase angle; s is
the averaged volume concentration at point in flow; u is
the mass concentration of the air mixture; i; and i are
the relative drags for pure air and air mixture, re-
spectively; Eg and E; are the functions of energy spec-
trum for particles and medium; k is the experimental
excess drag coefficient associated with the presence of
particles in the flow; ¢ is the proportionality factor.
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