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Results are given of an analytical investigation of the motion of
granular material and interphase heat transfer in an ascending two-
phase stream with sinusoidal gas velocity fluctuations.

There is considerable interest in seeking ways of
intensifying thermal processes (heating, drying, roast-
ing) for granular materials in suspension. One of these
ways is to impress pulsations on the gas stream veloc-
ity. The use of this principle has been suggested re~
peatedly [4, 6], but the laws of motion and heat trans-
fer of granular material in a pulsating stream have
not been sufficiently studied.

We know of only two papers [2, 3] devoted to the
study of the motion and heat transfer of material par-
ticles in a gas stream with rectangular velocity pulsa-
tions. In addition, the influence was investigated in
[1] of turbulent flow pulsations on the nature of the mo-
tion of weightless particles.

We shall examine the motion of particles of granu-
lar material in an ascending two-phase stream sub-
jected to sinusoidal gas velocity pulsations:

W =W, -+ w,sinwT,

For simplicity we shall make the following assump-
tions:

1) the particles are spherical, and their trajector-
ies are parallel to the channel axis;

2) there are no collisions of the particles between
themselves, nor with the channel walls, nor is there
attenuation of the gas stream pulsations along the chan-
nel;

3) the aerodynamic resistance during washing of the
particles by the stream, and the interphase heat trans-
fer, are quasi-stationary [2];

4) the resistance coefficient does not depend on Re
(the motion occurs in the self-similar region),

The usual equation of motion for particles of ma-
terials [4] in the case of a pulsating stream may be
written in the form

du wm—i—wasinmt—u)?x
dv oy
X sgn (w,, - w, sin ot —u) — g, 1)

where the factor sgn (wm + wa sin wT — u) takes into
account the fact that the velocity of solid particles in
a pulsating stream may exceed the gas velocity at par-
ticular times (then the aerodynamic resistance force
slows the particles).

Nonlinear equations of this type do not integrate in
quadratures. We shall seek an approximate solution

of (1) for the quasi-stabilized section of the flow in
the form [1]

u = U, + u,sin (o1 —a). 2)

Replacing u and du/d7 in (1) by their values from (2),
and going over to dimensionless velocities, we obtain

Za Uy ® sin (ot + /2 —a) =
= g{@m —-Em) + [aa sin wr—ﬂa sin (wt —a)] )2 X (3)
X sgn {(E)m-—ﬁm) + [w, sin T —u, sin (vt —a)]} —g.

The slip velocity is evidently also a sinusoidal quan-
tity
U =10,

+7); sin (ot + ), 4)

where, on the basis of the known relations [7]

2 2 2 - -
Us = Wy + s — 20, 4, COSQ, (5)
tg B = u, sina/(w, —u, cosa). (6)

Moreover, it is evident that

U = _w—)m — Uy (7)
Taking (4) and (7) into account, we obtain, in place of

@3)
U, v wsin (o7 + /2 —a) = g [V, + v, 8in (0T + PP X

_ (8)
X sgn [v,, + v, sin (0t + )] —g.

It is evident that (2) may serve as an approximate
solution of (1), if the left and right sides of (8) coin-
cide: a) in phase, b) in average value over a period,
¢) in amplitude.

Condition a) is satisfied if

@ + ﬁ = /2. (9)
Solving the system of equations (6), (9), we obtain
cosa = Ja/&a. (10)

Taking account of (10), (5) may be put in the form

2 2 -2

Upg =Wy == Ua .

1)

In the quasi-stabilized section of the stream, the
mean value of particle acceleration over one period
is zero, The left side of (8) satisfies this condition
for any values inserted in it.

Therefore, condition (6) is equivalent to equating
the mean value of the right side of (8) to zero. Then

two cases are possible: v, v, and v, > 17@-
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With v, <{v,, the value of sgn [0, +v,sin {0t -+ P)lis
positive; then, after integration and simple transfor-
mations, we obtain

2 2 .
2 (U — 1) + v, =0. (12)

If we put v, =v, in (12), we find v, = v, = |23~ 0.817.
Therefore, (12) is valid for values 0.817 <v,, <. 1. When
v, < 0.817 (i.e., v, >v, ), we obtain, in a similar
fashion to the foregoing,

_ ——
-2 -2 U - m

(20, + 2.) aresin =+ 30,0, |/ 1— 2 —==0. (13)
Yy Ua

It follows from (12) and (13) that in the range 0 < Vi <
= 1, there exists between ¥y, and ¥ a unique relation
which is invariant with respect to the upward velocity
of the particles and to the characteristics of the gas
stream,

This relation is shown in Fig, 1, We find, typically,
that in the quasi-stabilized section, the mean slip ve-
locity (vm = Vi Vy) may be considerably lower than the
upward velocity of the particles, but then its amplitude
must be large enough, Therefore, transport of large
particles of material is possible in a pulsating stream
with smaller mean velocity and gas flow rate than in a
steady stream.

A convenient result for a stream with a rectangu-
lar pulsation was obtained previously in [2, 3], Evi-
dently, this derivation may be extended to pulsations
of any shape.
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Fig. 1. Dependence of
slip velocity amplitude

Vg (m/sec) on its mean
value Vy, (m/sec).

Analysis of condition ¢} leads to the following re~
sult:

-2 -2

g0+ ) - u, v (0, < 0.817); (14)

200, v, Uy (0.817 <y, 1), (15)

The system of six equations gbtained, (7), (9)~(15),
with 9 variables (@, ©,, Um» Uy Un, U, @, ¢, B)allows
caleulation of the remainder when three are known.
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For example, from the given law of variation of gas
stream velocity {(w,,, @,, »} we may obtain the laws of
particle motion and of slip velocity variation in the
quasi-stabilized section,
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Fig. 2, Dependence of inter-
phase heat transfer intensity
Nu/Nu, in a pulsating stream

on the gas velocity amplitude
Wy (m/sec): 1) for the quasi~
stabilized section of the stream;
2 and 3) for the section near the

inlet, k= 1.8 and 3,

Calculation shows that in the region w > 10 sec™l,
Vi > 0.2 V4 ® Wy, the difference between the two
quantities does not exceed 3--5%, and decreases with
increase of pulsation frequency. Therefore, the curve
of Fig. 1 also represents the relation vy, = f(wg) with
good enough accuracy.

It follows from (11)-(15) that the slip velocity does
not depend on the mean gas velocity,

We shall examine the influence of pulsations on
interphase heat transfer in an ascending two-phase
stream, If the length of the stream is constant, then
the amount of heat transferred is proportional to
Nu g4, where 74 is the dwell time of the particles of
material in the stream. The Nusselt number is a func-
tion of the Reynolds number [5]:

Nu =2 + 0.16 Re?*, (16)

Since Re is proportional to |v!, and the second term
on the right of (16) is considerably larger than the
first, we may assume, with a known degree of accu-
racy, that

/Ui:“ e (Z:“:‘) .

Nu~v%, Nu,, Nuy == (6%) /0 i

av

or, taking account of (4),
T
Nu L —
Ny 'Tl” (O -+ 0,800 (T4 B dT. (A7)

0

It follows from (17) that the ratio Nugy/Nu, for the
quasi-stabilized section of a pulsating stream is deter-
mined by the slip velocity, and does not depend on the
frequency of pulsation, However, the present investi~
gation does not take into account the acoustic proper-
ties of the gas column in the channel, and in real con-
ditions, evidently, we may expect the pulsation fre-
quency to have a definite influence on heat transfer in-
tensity.
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Since the indefinite integral corresponding to the
right side of (17) cannot be expressed either in ele~
mentary or in elliptic functions, the value of Nugy /Ny,
for a series of values of Wy has been calculated by
Simpson's rule. The results are given in Fig. 2. When
Wa < 1,63, the heat transfer intensity in the pulsating
gas stream proves to be less than in a steady one,
which is due to the decrease in mean slip velocity in
the pulsating stream in comparigon with the upward
velocity of the particle, Appreciable enhancement of
heat transfer may be obtained only at high values of
Wa.
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Fig. 3. Dependence of the
amount of heat transferred
in a pulsating stream, Q/Q,,
on the gas velocity amplitude
wq (m/sec): 1) for the quasi-
stabilized section of the
stream; 2 and 3) for the sec-
tion near the inlet, k=1,8
and 3,

The safety factor for pneumatic transportation of
large particles of material is usually chosen in the
range k = wy /vy = 1,.8-3.0, We shall therefore con-
sider that in the stabilized section of a steady stream
the particle velocity is u, = (0.8-2)vy, or, in dimen~
sionless quantities, U, = 0.8-2,

If, in a pulsating stream, we take the safety factor
in terms of the mass flow rate of transporting agent
k = Wy, /vy within the same limits, then, allowing for
(7), we obtain Uy, = (0.8-2)vy,. Then, for identical
values of k

Tq /Tdun -,

and the amounts of heat transferred, for the pulsating
"and the steady streams, are related by

Q@ Nugy

1
—_ - _ 18
Qo Nty Uy (18)

It may be seen from Fig. 3 that the use of pulsa-
tions proves effective with W, > 1, the quantity Q/ Q
rapidly increasing with increase of wy, From this
point of view larger values of gas velocity amplitude
should be chosen, but with Wy > Wy, the gas stream
velocity must change sign periodically. Since the
achievement of similar regimes encounters great
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technical difficulties, we shall restrict the examina-
tion only to those regimes for which

®, <D (19)

The maximum values of W, satisfying condition (19)
may evidently be determined with ease from Fig, 1
as the ordinates of points of intersection of the curve
Wy = f(vm) with the lines Wy, = k¥, The values of
Wy and corresponding values of Q/Q, are

54
90

— 10
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1.8 .
Wy 1.16 .23 .39 .
1.32 .42 .66 .
For the accelerating section of a pulsating stream,
there are considerable difficulties in obtaining even
an approximate solution of the equation of motion of
the particles of material, similar to (2). For a pre-
liminary estimate of the heat-transfer intensity in the
accelerating section we shall calculate the value Q/Q,
for a small section AL of the stream near the initial
section (the length of this section must be small com-
pared to the scale of variation of characteristics of
the stream).
Assuming that at the section in question the veloc-
ity of the material is close to zero, and reasoning in

a way similar to the foregoing, we obtain

Nu 1 1

Nuy g T

T
S (W, +w,sinet)% dr. (20)
0

Relation (20) is shown in Fig. 2 for safety factor
values of k=1,8 and k=3,

Regarding the motion of particles in the section AL
as subject to uniform acceleration (with u = 0 at the
inlet section), we obtain the following expression for
the particle dwell time in section AL:

oV E, e

For a steady stream

(dujd), = g (@0 — 1) = (B —1) g,

and for a pulsating one

_di) -
(dT av

T
=.§T§[@m+ w, sinwt)? sgn (@, +@,sinwt)— 1} d=.
s :

The ratio of the amounts of heat transferred in the
section AL of the pulsating and steady streams has
been calculated in the same way as for the quasi-
stabilized section, The relation Q/Q, = f(wa) for the
section AL is shown in Fig., 3. When wy > 1 the in-
fluence of the pulsations is considerably stronger for
the quasi-stabilized section than for the accelerating
one, For values of W, satisfying condition (19), the
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use of pulsations gives practically no perceptible re-
sult for the accelerating section of the stream.

NOT ATION

g—acceleration due to gravity, m/fsec’; I-period of the gas
stream velocity pulsations, sec; u—velocity of particles of disperse
material, m/sec; v—slip velocity in the quasi -stabilized section of
the stream, m/sec; vu-—upward velocity of the particles, m/sec;
w—gas velocity, m/sec; T—time, sec; w—cyclic frequency, sec™;
W= ufvy V= VA W= w/vy. Subscripts:  a—amplitude of oscilla-
tions of a variable; m—mean value of a sinusoidal quantity; av-
mean value of a variable sinuscidal quantity; O-—refers to the steady
gas stream (without pulsations).
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