EFFECTS OF WALL ROUGHNESS ON PRESSURE
LOSS AND VELOCITY DISTRIBUTION FOR AIR
IN FIXED AND MOVING GRANULAR LAYERS
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Increase in friction between the material and the wall under counterflow conditions is
accompanied by a reduction in the pressure loss and an increase in the nonuniformity of
the gas flow in a horizontal cross section of the bed.

The proportion of a granular material in effective contact with the wall is usually expressed via the
geometrical ratio d /D and is governed by a number of factors [1-4].

The effects of the geometrical simplex on the pressure loss have been examined [5-7], but these stud-
ies were for a stationary layer; if one has a moving close-packed gravitational layer, one gets a layer near
the wall with distorted open structure whose thickness is largely dependent on the friction between the ma-
terial and the wall [8-13]. It is also clear that the porosity of the layer as a whole will also be dependent
on the wall roughness. Both of these factors should be reflected in the total pressure loss and in the dis-
tribution of the gas flow in a horizontal cross section of a bed if one varies the coefficient of friction.

Consider a layer consisting of two parts: one near the wall and a central one, which differ in packing
density. We assume that the pressure distribution is the same throughout the cross section, and then

APy = AP¢ = AP. (1)
We give as follows the pressure loss over the various parts:
BV
APw:ka—- 52 (2)
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Also, general considerations give that
F=F,+F; W=Wy,+W; V,=W,/Fy; Ve=W/F.. (4)
We use (4) to represent the reduced velocity throughout the cross section as the weighted-mean one:
V= A (5)
F
From (1) together with (2) and (3) we get
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Then (5) may be put as _
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Fig. 1. Model of blast furnace (volume 0.069 m?: 1) com-
mon gas line, 2) skip; 3) receiving hopper; 4) small cone;
5) large cone; 6) charge hole; 7) column; 8) side tempera-
ture monitor; 9) feed screw; 10) supporting disk with holes;
11) horizontal strain-gauge; 12) hearth; 13) air nozzle; 14)
annular air inlet; 15) outlet; 16) cutter drive shaft; 17) re-
ceiver; 18) two-way distribution stopcock; 19) reduction
gear,
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We making the following two assumptions:

a) The coefficient for the aerodynamic resistance to the gas flow moving along the wall is propor-
tional to the square of the coefficient of friction for the material at the wall, i.e.,
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h = Kl G

b) The relative area of the wall layer is represented by Fy,/F and is proportional to the above geo-
metrical ratio for the layer, i.e.,

Fw _g 4 (8)
Foo
Then these assumptions give with (6) that
h &
AP, = C__..L ’ 1 , (9)
[e(5) =]
D, fo

where

The change in the pressure loss with wall roughness under otherwise equal conditions is defined by
1

Ap 4 1+62(%>T(f1 )2 2‘ (10)

AP, L, T
¢ 146, (_d_) 2 (__1__)
D fw 1

Consider the relative magnitude of the flow occurring in the part near the wall; the above relationships
enable us to put that

1

_ (L& DT W—Wy [
Wi = ( A d ) F. w

This expression is transformed to give finally that

(47
Wy _ D) fw (11)
W ! '
1—!—9{—9—)2 1
\D fw

The unknown quantity in (10) and (11) is 6, which may be determined by experiment, where the coefficient
of friction at the wall is a variable quantity, The ratio {; /¢, may be replaced by the following expression
14, 15]:

Lo 1—g (fﬁ_)s (12)

[ l1—eg, &

The experiments were done with a cold model for a blast furnace (Fig. 1). Full details have been
given elsewhere [16]. In place of the shaft of the blast furnace we had a cylindrical steel pipe of diameter
320 mm and height 890 mm; instead of the material loaded into the column we used loading via an inter-
mediate funnel and grid (random loading). The speed of the material was constant at 12 mm /min in all
cases. The wall roughness was provided by depositing electrotechnical graphite or fine-grained emery
powder on the wall, The traveling medium was a coke in narrow fraction sizes: 2-3, 3-5, or 5-7 mm.
We took into account the transient response time, which is involved in the structure alteration when the
layer passes from the immobile state to the mobile one [17]. Table 1 gives the porosity and coefficient of
friction at the wall.

We draw up a system of three equations for the immobile layer:
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Fig. 2. Effects of wall friction on pressure loss AP (mm)
water asa function of air speed V (m /sec); A) coke 2-3 mm
fraction; B) ditto 5-7 mm; 1) at rest; 2-4) moving, for fy, of:
a) 0.39; b) 0.57; ¢) 0.80.
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From the experimental data (curves 1A and 1B of Fig. 2) we find AP 0 / APgq = APg0 /A Psy = APg, /APeo-
for the immobile layer, so one can determine 6 for various coefficients of friction,

REAN|

The value of 8 for a moving layer may be determined, for instance, from the following equation for a
steel wall:

l >
d\7 1 2
1486, (—
APgp 1 —es ( &sm Y + sm( D ) fe (14)
APgp, l —egn \ g T d 2L 1
FNTILE
D fe

Here fg remains constant for immobile and mobile layers, in accordance with the above assumption.

In (14), we take the ratio of the pressuré loss for the immobile and mobile layers in accordance with
Fig. 2 (curves 2A-4A and 2B-4B), but for an infiliration rate not exceeding the limiting value, i.e., a speed
at which there was no additional expansion of the layer in response to the lifting forces of the rising gas
flow [18].
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TABLE 1.

Graphite

We solve (13) and the three analogous equations of (14) to get
6 for all cases of interest (see Table 1),

Table 2 gives the observed and calculated changes in the
pressure loss for the coke in the various fractions in the immobile
and mobile beds; Equation (11) gave the proportion of the flow in
the part near the wall.

Table 1 shows that the porosity of the granular layer in-
creases with the coefficient of friction; for an immobile and finely
divided material, there is a rise in the porosity to a smaller ex-
tent than that found with a moving coarse-grained material, which
means that the pressure loss will be reduced when the layer is
mobilized and when the coefficient of friction at the wall increases
(whether the layer is immobile or mobile). On the other hand, in-
crease in the coefficient of friction changes the distribution of the
gas flux over the radius of the layer; in an immobile layer there is
a reduction in the flow near the wall, while in a counterflow case
there is a rise (Table 1).

A rise in the gas flow nonuniformity due to the radial struc-
ture of the granular layer is accompanied by a reduction in the
overall pressure loss; flow equalization results in an increase in
the loss.

‘Porosity increase and reduction in flow nonuniformity for an
immobile layer cause the pressure loss as a function of coefficient
of friction to be represented essentially by a single curve (Fig. 2);
in the case of countercurrent flow, the two factors, (increased
porosity and nonuniform velocity distribution) together facilitate
reduction in the pressure loss, The part of Fig. 2 for counter-
current flow is clearly represented by three curves corresponding
to the different coefficients of friction at the wall.

Table 1 also shows that the exact magnitude of the flow non-
uniformity increases with the grain size and remains substantial
even when d /D is less than 0.01.

It is clear from the experiments and calculations that in-
creased wall roughness reduces the nonuniformity in the air dis-
tribution along a radius when the layer is immobile, whereas one
gets an increase in the nonuniformity when we have a countercur-
rent situation,

We made tests on the partition of the flow over the radius for
immobile and mobile layers with various wall roughnesses for this
apparatus by the method of {19]; the entire cross section of the bed
was divided into five concentric zones equal in area., Around the
circumference of each zone we placed 38 naphthalene spheres of
diameter close to the linear diameter of the bed grains. The
height of the zone where the spheres were emplaced was 850 mm
above the zone of flow stabilization near the bottom, the level of
this being 1 /8 of the radius of the bed.

Figure 3 shows in relative coordinates the average results
for several runs with the two states of motion and various wall
roughnesses; the general trends in the curves agree well with the
results considered above, There is a nonuniformity in the air
speed along the radius for the immobile bed (curve 2), which be-
comes more marked when the bed begins to move (curve 4). The
maximum in the air flow speed also moves towards the wall.



TABLE 2, Observed and Calculated Pressure Losses for Countercur-
rent Flow with Rough Walls

Pressure loss change
Coke fraction APgm APgm APgm Notes
“APem AP “APemn.

9_3 1,20 1,09 1,13 Obs
1,19 1,06 1,11 Cale

3—5 1,21 1,08 1,156 Obs
1,23 1,09 1,12 Cale

5ot 1,27 1,08 1,17 Obs

1,24 1,05 t,19 Cale

vV I | "Fig. 3. Relative distribution of flow
1 I P I velocity over radius of layer of coke

Ll e

7 fraction 5-7 mm: 1) immobile layer,

) \\:: <o graphite wall; 2) emery wall; 3) mobile

0.9 o == layer, graphite wall; 4) emery wall (Vp:
) T~ed_ 4 value of flow velocity at periphery; V.

O 03 ~, running value; r: radius of layer; ry:

running value of radius.

The overall characteristics were used to calculate the actual change in air speed when the immobile
layer is set in motion (for the case of a wall covered with emery),

The amount of material evaporating from the surface of a grain in unit time is proportional to the gas
flow speed V and the mass-transfer surface S [19]:

Ag = stl/',l (15)
where n is a guantity characterizing the mode of motion; it follows from (15) that
1/n
A4y _ RSV 6
M gsyl/n

The test was runas follows. Air wasblownthrough immobile and mobilized beds of 2-3 mm cokeforan
hour at the same blower output; the weight loss in the naphthalene spheres (of identical size in both cases)
was larger by a factor 2.3 for the immobile bed, and we had from (16) that

1/n
2.3 = (V/V)
We had m = 0.67 for Re = 144 under the conditions used.

Then the following is the change in the actual air flow speed when the bed is mobilized, as averaged
over the radius:

VoV = 1,75.

This fall in the speed is due to increase in the porosity and effects of the increasing nonuniformity in
the velocity distribution when the bed is mobilized.

Thus the wall roughness has a marked effect on the structure of a countercurrent layer, which is
reflected in the change in the pressure loss, as well as in the velocity distribution and in the behavior of

the gas along the radius. All of these factors should have an appreciable effect on the heat and mass
transfer in such a system,

When one is using models for a countercurrent process, one must take into account the wall rough-
ness as regards the final results not only by meeting the requirement (d /Dlpat = (d/D)p, 4q but also by

meeting the specification (fw)yat = (fgdmod-
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NOTATION

is the pressure loss;

is the reduced gas flow velocity;

is the diameter of the layer;

is the characteristic dimension of the particles;
is the cross-sectional area of the layer;

is the amount of gas;

is the height of the layer;

is the specific weight of the gas;

is the coefficient of friction at the wall;

are the aerodynamic resistance coefficients for the air moving along the wall and in the layer, re-
spectively;

is the porosity of the layer;

is the acceleration due to gravity,

Subscripts

HOoOO®n®mT oz

—
.

W 2o kW
o ‘e s s e & s a

11.

12.

13.
14.
15.
16.
17.
18.
19.
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denotes the wall;

denotes the central part of the layer;
denotes the peripheral part of the layer;
denotes the graphite wall;

denotes the steel wall;

denotes the emery wall;

denotes the immobile layer;

denotes the mobile layer.
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