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Abstract. The conducted studies are aimed at improving the theoretical basis for design of
ventilated suction hoods of bulk material transfer groups, i.e. the most typical and common
sources of dust emissions in reprocessing of dust-forming materials.Unsteady processes occur
in the chute at the equipment start-up or short-time loading of bulk material. Assess the force
action exerted by the flow on air for two cases: at an instantaneous change and a gradual one
(smooth) in the material flow. "It was theoretically demonstrated that at instant chuting of a
heated bulk material an increase in the induction pressure is strongly related with a variation
in the transferred material flow, and due to a considerable inertness of the intercomponent
heat exchange temperature variations are far behind of variations in the transferred material
quantity. A gradual variation in the flow rate of particles at the beginning and at the end of a
material transfer is associated with excessive (peak) pressures against steady-state values.
This is explained by the maximum induction head at a certain material flow rate. There are
no pressure surges if the material flow rate does not reach the necessary value.
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1 INTRODUCTION

The conducted studies are aimed at improving the theoretical basis for design of ventilated
suction hoods of bulk material transfer groups, i.e. the most typical and common sources of
dust emissions in reprocessing of dust-forming materials [1-8, 12-14].

Unsteady processes occur in the chute at the equipment start-up or short-time loading of
bulk material. Assess the force action exerted by the flow on air for two cases: at an instanta-
neous change and a gradual one (smooth) in the material flow.

2 SUDDEN CHANGE IN THE MATERIAL FLOW

Examine the change in the forces of the induction and thermal pressures and the starting
and stop times of the material feeding.

Observe the change in the induction pressure by the example of the pressure distribution
along the length of the vertical pipe in case of its irregular load with bulk material of moderate
temperature, thereby preventing from the heat and mass exchange. Imagine that the lower end
of the pipe is closed to the air passage, i.e. v, = 0, but open to the passage of material.

With these simplifications [1]

ov, oP 1 v
o o Y (1)

Examine a “hard” loading of material (instant inlet of material). Then, at an arbitrary
point of time t > 0, the change in the material flow along the length will be of a step-type
shape.

G =G, at x<X, ,
G, =0 at x> X,.

The kink will be moved down. Let us assume that its movement speed is
1 |
v, = I—Ivldx ~0,5(v,, +V,, ).
0

The analytical expression of the change in the material flow is as follows

G =G, ' f(x—vt), (2)
where

f(x—vt)=0 at x—vt>0; 3)

f(x—vt)=1 at x—-vt<0, (4)

For simplicity of notation, the symbol of averaging (a line above v;) is omitted here and
hereinafter.
Express the function f(x — vit) by means of the infinite Fourier series [9]
coszn-1 .

f(x—vlt):%Jrszmlﬁ(x—vlt), (5)
n=1

o0

where
I, =lim(x—vt). (6)

—o0
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Then, the volume concentration of material is

=P B{—C"S””‘lsinn,ﬁ(x—vlt)}, M)
n=1 0
where
Gl
— max 8
ﬂloo plswvl ( )
or, solving the sine function of difference of two angles,
1 &ceosne-1. « V4 = cosnr—1 T . T
= —+4 ) ———=sinn-—xcosn—tv, — » —————cosn— xsinn—v,_t 9
JiA ﬁh{z 2 ) o 2 ) ) 1)} )
Write mass transfer equation [1]
9P, , PV g, (10)

ot o0x
Assuming that that process is adiabatic (with factor y)

P_ P2 g
Eo_(po]’ )

simple transformations made, taking into account that the density of the medium does not
change significantly, equality (10) can be reduced to
M, _ __A()_P , (12)
ox Py ot
where Py, po are the pressure and density of air in the pipe before inputting the material.
Taking account of correlation (12), after differentiation of equality (1) with respect to X,
we obtain an inhomogeneous equation of acoustics:

0’P  ,0°P
=V, ——V

2 0 ]
o tox Cox

v, _

K,y ?l P2 (13)

where v, = ﬂ/xPO / p, is the propagation speed of elastic disturbances (speed of sound), m/sec.
Assume that the force of the dynamic interaction is constant

2

Kml// V?l 152 = const . (14)

Under this assumption, a linear pressure distribution along the pipe would exist for sta-
tionary conditions
V2
Pcm = PO +Kmﬂlool//?lf_)2x (15)
or

P =P

o0

If , (16)
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where P; is the excessive pressure at the end of the pipe
2

vV, _
I:)| = Kmlglooy/?lIOZI ! (17)

P.., P are the absolute and excessive pressures, respectively, in a stable process, Pa.
Taking into account the assumptions made and designations, the last term of the right-
hand side of equation (13) can be written as

Kmﬂl

—12 =’ Xil Z(cos;m 1)- cosnrz > cosnr a4
2 “, [, [,
(18)
< . X . vt
+Z(cosn7z—1)smnzzl—x-S|nn7z|— .
n=1

Formulate the initial and boundary conditions. Pressure P in equation (13) is to mean the

excessive pressure. As dead air was in the pipe before the input of material, and the absolute
pressure in it was Po:

Pl -o=0; (19)
V| =0. (20)
Integrate equation (12) to obtain
o
vV, =V,| —— —d (21)
2 =Viko ™ F’oxl ot

where from, taking into account (20), obtain the second initial condition

oP
== 0. (22)
The boundary condition for the open end of the pipe (input) will be
P(0,t)=0. (23)
For the lower end, taking in account the air tightness of the pipe bottom,
v,(1,t)=0. (24)
Integrate the initial equation (1) to obtain
2
V, =V, (X, O)+_[(——P —+kK, fV —1} . (25)
ox p,
Taking into account (24), obtain the second boundary condition:
V2
g 1= K, BYp, ?1 y ' (26)

which can be written as follows, having in mind correlation (7), after some transformations

zﬂil—cosnﬂ IZcosmz -1

Pl = sin n;zll—cos n;z\ll—lt. (27)

o0 o0

I vt
cos? Nz —sinnz -+
nz 2l IOo = N

00
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Thus, we have to solve the following inhomogeneous differential partial equation with se-
cond-order partial derivatives [10] with the initial conditions (19) and (22) and the boundary
conditions (23) and (27)

2 L)
oP =V alz V2 Ll —L> (cosnz— 1)cosn7r—cosn7zv—— iz (cosnz —1)sinnz -sin n;z (28)
o o L& I = I

0 00 0 00

The solution will be calculated as a sum of functions
P=u+¢, (29)

where u is the solution of equation (28) only with the boundary conditions; £ is the solution of
this equation without a constant term with the following initial and boundary conditions:

&leco="Uly: (30)
o _ ou|

ot | or! 1)
& 0=0; (32)
9| _

— _,=0. (33)

The task to determine u can, in turn, be divided into two sub-tasks:
a) the solution of the equation

ou  ,0u , P& vt
— =V — -V, — cosnrz—1 cosnzz—cosnn— 34
ot’ fox® ® [-1, nz:;‘( ) / / (34)

with
ou B <cosnz—-1 . I vt
ul =0; —|,,=--) ————=sinnz—cosnz—=; 35
[ ox| |Z‘ nz | | (39)

00 o0

b) the solution of the equation

()2 2 0°u R . X . A
=V — -V cosnz —1)sinnz-—sinnz -+ 36
o o . Al nzzll( ) L [, (36)

with
u| w0=0 ou ,:EZ cosnz -1 1+cosn7zl sinnﬂv—lt. (37)
x| 1 & L, .,
Subtask a). Try the solution of equation (36) as follows
u, = X,(x)cos nn\ll—lt. (38)
n=1 ©

Inserting this solution into the initial equation after obvious reductions, we obtain

T2
dt ” -1, "

d?X (X) X (%)- (WZM ] _ R (cosnﬂ—l)-COSfmll, (39)

where
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M, = 1/Va : (40)
Integrate this equation, with
X,(0)=0,
dX, (x) X=I:ﬂcosnﬁ—l_sin n;zl (41)
dx I nz I,
based on the conditions (35) we obtain
: X X X
Xn(X)=A{‘DS'HWI—MV—COSWTI—MV+C05””|—} (42)
and the solution of Subtask a) is
< . X X X vt
u, :ZA chm;an—Mv—cos;ml—Mv+c05n7r|— ‘c057m|—, (43)
where for simplicity of notation we assume
Ao PI-IO; .COSI’;ﬂ'—l, (44)
(nz)’ 1 M; -1
@z(MV Sinnnll—sinﬁnlle J/COSWZIIMV. (45)
Subtask b). Equation (36) is solved in the same way.
Obtain
u5:ZALSinnn%—Qsinnn%Mvj-sinﬂn\ll—lt, (46)
n=1 © © 0
where
MZ_1 1+cosn7z|I L
Q=—2"—. EE (47)
M

|
v cosn;rI—M M,

v
©

We now calculate the function &, which is the solution of equation

0’8 _ 2 0%
— =V, —=, 48

ot *ox? (48)
with the boundary conditions (32) and (33) and with the following initial conditions based on
equalities (43) and (46)

§|t_0:—(ua+u§)|t_o:—ZA{chsinfmliM —cos;ml M, +cosnr— } f(x); (49)
n=1 © 0 oo

o0& ou U v,

—= —2 =—>» An sin n——Qsm n— =F(x). 50
ot|° (at atJ z ﬂl [ 4 I d . V] ) (50)
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We solve it using the Fourier method — by expansion of the function in series in the or-

thogonal function system sin 2n+1 X [11].

The solution is

E= Z|:a cos 2r12;rlmat+5K sin 2r12;r1m}at}in 2n+l

X, (51)

n=0

where

|
a, =IEI f (x)sin 2n+l7zxdx; (52)
0

I (x)sm

ao

o, = @ 1) 7xdx . (53)
n+1)zv,

Inserting into equality (29) the obtained functions & u,, us we obtain the desired solution.
For a small falling velocity of the material (vi/v, << 1), the solution can be reduced to a sim-
pler form after a number of simplifications

P Pulﬂzl cosnz. . ﬁx—vlt+lpllﬂ vt 1 +1P|§. (54)
| <& (nx L, 2 1, 2) 21
P
a) |
I
I
Ty= 0 T
0 o5 L0
2oge P/R,
x+wat 0 he
N 1
I],S'x:vlﬁ‘t\\
b) B - -
T
Ilsﬂ‘x,-’l' 1] tul‘l‘ﬁt
X

Figure 1: Change in the induction pressure over time (a) and along the tube (b) in case of an instant loading of
bulk material

As can be seen from the graph (Figure 1) plotted based on this equation, the pressure in
an arbitrary section xp increases in this section up to the maximum according to ty = 7o = Xo/V1
s, i.d., as soon as the first particles of the material reach the section under consideration.

Along the entire pipe length, the pressure reaches its maximum value as soon as the pipe
is filled with the falling material.
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Thus, a change in the induction pressure is “rigidly” connected with the change in the ma-
terial flow. The steady mode of dynamic interaction between the material and the air occurs
almost simultaneously with a constant flow of material in all sections of the pipe.

In contrast to the dynamic interaction, temperature changes “fall behind” the fluctuations
significantly in the mode of the material transfer.

To see this, consider the same task having slightly simplified it. Assume that the air ther-
mal conductivity is high supposing that the same temperature is instantly set in all the sections
of the pipe. Thus, the temperature will depend on time only. With the previous assumptions,
the heat exchange equation can be as follows

d k
Eﬂzpzcztz =ax,f,(t, —t,) _45 (t,—1,),

where k is a coefficient of heat exchange with surrounding air, Br/(m? - °K); S is the volume
concentration of material in the chute.
Taking into account the step-type change in the flow rate, a solution is obtained for two
intervals with 0< 7 < L with 7> ! :
Vl vl
in the first interval

G
= ; 56
By 5| (56)
in the second interval
Gl
= : 57
Ay PR (57)
Integrate equality (55) with the initial condition
t,(x,0) =t,, (58)

to obtain:

a) with 0<T<L
Vl

=t —(t — — br” i —Xyeriz'
t,=t-(t to){exp[ (Br+ > j}L\/EeXp( ZJE/J% f(zld}, (59)

b) with 7 >1/v,

t,=t,, —(,, —tzﬂ)exp{—(BL—BJ(r—Lﬂ, (60)
Vl Vl

where ty;; is the air temperature in the pipe with z = I/vy is defined by equality (59); t.. is the
temperature in the pipe with 7 — o

|
B—t + bt
V 1 0

, =————; (61)
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B, b are parameters introduced for simplicity of notation and equal to
B=axG,/(0,c,25,1);
B =4k/(Dp,c,);

y=\/§2'+5/\/§.

For a heat sealed pipe (5 = 0) we have:
a) with 0 <z <l/v,

t, =t —(t —t)exp(-Bzr*/2);

b) with 7 >1/v,

I I
L=t-( —to)eXp{—BV—IKT—Z—VIH :

1,0

1_ } ]
fj L) E: fﬁf
33'20 GO //—""
W
i =
Freo / £y
ﬂ ,5 y I_
/ 2 L]
T/T,,
0 10 20 30

(62)

(63)

(64)

(65)

Figure 2: Temporal variation in temperature, thermal and induction pressures, mass of particles in the chute (P5.,
Py, are the induction and thermal pressure with T — o0; G, Goo are the masses of particles in the chute at the

moments in time tand 7, =1/V;)

Figure2 shows the temperature curves plotted according to these formulas. It also shows
the change in the thermal and induction pressures. As the curves show, the thermal pressure

has a considerable “inertia” if compared with the induction one.

3 SMOOTH CHANGE IN THE MATERIAL FLOW

Given that the induction pressure is “rigidly” connected with the material flow, changes
in the dynamic interaction can be assessed in the conditions of a changing flow of particles by
means of the correlations obtained in the study of stationary flows. We can be used for a pres-

sure at the end of the pipe, the lower end of which is closed to the air passage [1]:

~1,84/510° V2 1 n3
P, =y.x fe D0 .Mk _ \
5 =Wk, B 5 P 3(1—n)
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where £ is an averaged volume concentration of particles in the chute, which varies over time
due to changes in flow.

As seen from equation (65), the induction pressure has a maximum at the volume concen-
tration (fmax) defined by the equality

1,8
2-—=2>_[B.. 10° =0. 67
d3'103 IBmax ( )

Thus, if it appears that the concentration of particles varies widely from 0 to f., > Bmax
pressure surges occur during an unsteady-state process. This is clearly seen in the curves in
Figure 3. Here is a case of a bulk material transfer where its flow rate varies from 0 to the
steady-state (constant) value G;.,, then a stationary process (G; = G;.,) continues for a while
and, finally, the flow rate decreases from G;., down to 0.

£-10° P max
B = 0,0116 (G,=2,17kg/s) e
12+ 3 Am
I
L
8 2 A

ey 3

Bo= 0,000668 (5, ,~0,125kg/s)

U L1 | 103
I a) 0,67 5 10 mﬁ
5. Pa B =36.8Pa c)

40+

[\ [ Fhe=27.7Pa

'p:3m= 18 Pa
201
I7
0 2 4 '
b) /T,

Figure 3: Change in the volume concentration and the induction pressure in the chute with a slow change in the
material flow (A is experimental data for conditions of granite bulking d. = 1.88 mm in the chute at ® = 75°, H =
3.3 m, S, = 0.0169 m?)

However, the pressure surge may be absent where the steady-state flow is so small that
the volume concentration of particles in the chute is £, < fmax-
The maximum value of the induction pressure according to (67) is
2
2-d,-10° v  1-nd
P, =yx 103 —2"— | %] Xp — 68
ax V0K ( 18 j 5 P2 3(1-n) (68)
or the relative value of the pressure surge is

2:10°d,

2
-10
P,.. /P, =10" [] e’ /B, exp(—l,S P

o] With f> B (69)

18 d,-1

647



O. A. Averkova, I. N. Logachev and K. I. Logachev

In studies of the induction properties of a bulk material flow in inclined chutes at the unit
(Figure 4), a pressure surge was often observed when the material feeding from the upper bin
both began and stopped. The value of this surge was significant at large material flows. No
pressure rise was observed with small flows. A pressure rise is absolutely in line with equa-
tions (69) not only in qualitative terms but also in quantitative terms (see Figure 3.c). The ob-
served falling of the thermal pressure behind the induction one, as well as the surge of the
induction pressure during the start or stop of the process equipment must be taken into ac-
count when calculating the required volumes of aspirated air.

2.17 ka/s)
1

13

12

=

A

Figure 4: Diagram of the experimental arrangement for the study of injective properties of bulk materials: 1 —

upper bin; 2 — chute; 3 — lower bin; 4 — thermometer; 5 — Venturi tube; 6 — damper; 7 — fan; 8 — micropressure

gauge; 9 — galvanometer; 10 — blending chamber; 11 — metal frame; 12 — diaphragm;13 — thermocouple; 14 —
chute upper wall; 15 — heat insulation layer

4 CONCLUSIONS

e The conducted studies are aimed at improving the theoretical basis for design of ventilat-
ed suction hoods of bulk material transfer groups, i.e. the most typical and common
sources of dust emissions in reprocessing of dust-forming materials. The basic findings
and resulting conclusions are as follows:

e |t was theoretically demonstrated that at instant chuting of a heated bulk material an in-
crease in the induction pressure is strongly related with a variation in the transferred ma-
terial flow (54), and due to a considerable inertness of the intercomponent heat exchange
temperature variations are far behind of variations in the transferred material quantity
(Figure 2). A gradual variation in the flow rate of particles at the beginning and at the
end of a material transfer is associated with excessive (peak) pressures against steady-
state values (Figure 3). This is explained by the maximum induction head at a certain
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material flow rate (67, 68). There are no pressure surges if the material flow rate does not
reach the necessary value.
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