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STUDIES ON FLOW OF AIR THROUCGH ANTHRACITE'

K. M. Bancray’, C. C. Waicnt", anp P. L. Warkes, fa.!

The Pennsylvania State University

Air at 70°F. and atmospheric pressure was passed througl: beds of anthracite — the samples rang-
ing in size from chestnut through buckwheat No. 5 and’ representing the four mmjor anthracite fields.
Data on pressure drop versus gas fow rate show that for the smallest size of anthracite, buck-
wheat No. 5, completely viscous flow exists up to the lifting velocity. For the other sizes of anthracite
a considerable portion of the flow is in the transition region intermediate between fully developed

viseous and turbulent fow.

The effect of changes in void volume in different sizes of anthracite on pressure drop can he
satistactorily  explained by the relationship proposed by Leva.

The effect of variation in the particle to column diameter ratio on pressure drop is estensively
examined. It is found that the pressure drop is not only affected by the above ratio but slso by the

absolute magnitude of the two diameters.

The lifting pressure drop is found to be essentinlly independent of particle size and dependent

on the bulk density of the bed,

INTRODUCTION

With the use of anthracite in fixed bed opera-
tions such as gasifiers, blast furnaces, and cupolas
on the increase, it was thought desirable to exam-
ine the flow of air through anthracite beds in
some detail. This work is meant to augment the
general correlations of flow through packed beds
as advanced first by Chilton and Colburn (5)
and later by Ergun (8) by locking in greater
detail at some of the finer points of this unit oper-
ation.

Chilton and Colburn showed that the gas flow
data through broken solids of Blake (2), Burke
and Plummer (3), Furnas (10), as well as their
own, could be correlated by dimensional anal-
vsis. By plotting a modified friction factor, f,
equals

2e d AP
4LoU'W
versus a modified Reynolds number
dp U
1
the data roughly could be represented by two
straight lines intersecting at a modified Reynolds
number of 40. Viscous flow occurred below a

value of 40 and turbulent flow above a value of
about 80.
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the University iibrary for anyone wishing more details on this
work,
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Later Ergun tied in the results of Chilton and
Colburn with those of Kozeny (11} and Leva
(12) to show that the data of gas flow through
broken solids could be better correlated if the
fractional void volume in the bed was tzken into
account. He plotted a modified friction factor, ¥,

equals
)
1-¢
versus a modified Reynolds number
( dPU ) ( 1 )
mn 1-¢

The following comprehensive equation was found
by Ergun to be applicable to all types of flow:

( gd AP
Lo U W

AP {(1-2)° ulU 1-¢ GU
8= 150"———83 T 4+ 175 & d {1)
EXPERIMENTAL

Samples Studied - Samples of several prepared
sizes ranging from chestnut through buckwheat
No. 5 were obtained from each of five anthracite
collieries. These collieries represent the four ma-
jor felds, one each being in the northern (N-1},
western middle (WM-1) and southern (5-1) flelds
and two from the eastern middle fields (EM-1 and
EM-2}.

The square mesh screen analyses of the samples
as received from the collieries are shown in Ta-
ble I. Such physical constants as apparent spe-
cific gravity, average square mesh screen size,
equivalent spherical diameter, and shape factor
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are given in Table II. The constants were deter-
mined in the following manner. The apparent
specific gravity was measured by water displace-
ment. The average square mesh size was deter-
mined by making a screen analysis on square
mesh screens and plotting the results on arithmetic
probability paper using a method described by
Austin (1). The equivalent spherical diameter of
each sample was determined by the method of
Furnas (10). This method consists of eounting
and weighing 500 pieces of the sample picked at
random. From their weight and specific gravity,
the equivalent spherical diameter may be calcu-
lated. The method, however, is not applicable to
very fine materials so that the values for the buck-
wheat No., 5 samples had to be calculated as noted
in Table II. The shape factor, as defined by Fur-
nas, is the ratio of the equivalent spherical diam-
eter to the average square mesh size. The greater
the deviation of the shape factor from one the
more particle irregularity is indicated.

TABLE 1.~ Square Maosh Screen Asalyses of Anthrocites
Tasted.

PrEpaRED ScreeN CoLLIERY
SIzE Srzn N-1 WM-1EM-1 EM-2 5.1
Chestnut Plus 1% in. 26.5 248 243 180 3806
x4 26.5 240 319 379 386
kxl 314 325 308 841 218
Minus % i56 185 130 100 9.1
Pea Phes % 00 00 08 00 00
hox % G7.5 71.8 56.1 747 66.8
I x % 317 26.1 42.8 3251 327
Minus ¥ 08 23 03 02 04
Buckwheat Plus 0.371 in, 31.0 88.1 94.4 43.9 264
No. 1 0371 x ¥in. 446 446 584 48,1 525
Bin.x4dmesh 216 149 158 86 193
4 x 6 mesh 20 26 089 05 1.0
Minus6mesh 0.8 1.8 04 1.0 0.8
Buclowheat Plus % in. 38 60 432 42 18
No, 2 1 x 4 mesh 46,0 417 562 673 445
4 x B mesh 39.3 347 324 346 450
G x 8 mesh 83 W04 55 28 T4
8 x 10 mesh 12 27 (8 05 06
Minus10mesh 13 45 08 068 06
Buckwheat Plus 4 mesh 12 11 11 28 10
No. 3 4 x 6 mesh 233 175 1883 292 108
6 x 8 mesh 428 314 369 370 418
8 x 10 mesh 7.4 168 17.8 160 241
10x 14 mesh 142 161 139 85 158
Minusldmesh 11,1 17.1 120 65 6.5
Buckwheat Plus 6§ mesh 0.0 04 82 083 01
No, 4 6 x 8 mesh 01 12 170 92 83
8 x 10 mesh 04 37 111 179 68
10 x 14 mesh 10.1 252 27.0 845 870
14 x 20 mesh 78.4 584 30.3 31.0 438
Minus20mesh 11.0 11.2 6.3 7.1 8.9
Buckwheat Plus 10 mesh 0.1 03 04 01 0.8
No. 5 10 x 20 mesh 125 243 190 331 332
20 x 30 mesh 3.6 391 218 358 337
30 x 40 mesh 257 183 93 149 188
40 ¥ 60 mesh 13.0 107 94 113 109

Minus60mesh 41 73 95 49 26

PROCEDURE

In experimentally studying the flow of air
through anthracite, the usual method for such
investigations was used. This method is the de-
termination of pressure drop versus flow rate data.
A flow diagram of the test system used in the

"
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Fig. 1.~ Flow Sheet of AP Apparatus,

general air flow study of 6-inch diameter beds
is shown in Figure 1. For the study of wall effect
the system was altered so that the air could pass
through any one of four rotameters with any one
of thirteen tubes in the system or a rotary dis-
placement meter. The range of air rates that
could be measured was 0.001 to 200 cubic feet
per minute. The diameters of tubes available
were ¥, 4, %, 1,2, 3, 4,5, 86,9, 12, 18 and 24 inches.
Such devices as perforated plates, packs of small
tubes, and bafes, were used in the large tubes to
secure good air distribution before the air entered
the test bed. :
Generally, the tubes were packed according to
the method recommended by Furnas for securing
normal packing. This method consists of slowly
pouring the material from a height of approxi-
mately one foot above the bed. The resulting bed
has a percentage of voids that is reproducible.
The only instances in which packing the beds in
this manner gave inconsistent results were in the
wall effect study of the buckwheat No. 4 and
No. 5 sizes. The variations in voids with change
in diameter of tube in those cases may have been
due to the fact that the two smallest sizes of an-
thracite have a wider size consist than most of
the larger sizes. Because of the great effect of
change in the percentage voids on pressure drop,
it was necessary to control the percentage of voids
when the No. 4 and No. 5 sizes were being tested
for wall effect. An examination of the data on
amount of voids in the wall effect study of the
large sizes with normal packing showed very
little change of percentage voids with change in
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tube diameter. Thus it appeared best to hold the
percentage voids constant for each sample of
buckwheat No. 4 or No. 5 studied, This was
done in the following manner. Knowing the
volume of a foot high section of each tube
and the specific gravity of the sample, the
weight of sample necessary to give an arbitrary
amount of voids at a height of one foot was eal-
culated. The sample was then poured into the

tube at a fast rate. This method of pouring gave
a high percentage of voids and the resulting bed
was more than one foot in height. The tube was
then tapped and the bed densed until the height
was just one foot, producing the desired percent-
age of voids.

After each test bed was packed, air was passed
through the system at varying rates and the cor-

TABLE Il — Physical Constants of the Anthracites

APPARENT EQUIVALENT AVERAGE SQUARE

SPECIFIC SPHERICAL MEesa SizE, FracrioNnaL

CorLieny Size Graviry, DIAMETER, Suware  Normarn Voms
DESCRIPTION g./cc. inches inches Facror oN PACKING
N-1 1.48 0.98 1.05 0.91 0479
WM-1 1.54 0.92 1.01 0.91 0.518
EM-1 Chestnut l.64 0.93 103 0.89 0.489
EM-2 1.50 0.99 1.04 0.95 0.452
S-1 1.62 1.05 1.13 0.93 0.476
N-1 1.52 0.57 0.56 1.02 0.458
WM-1 1.47 0.53 0.59 0.90 0.474
EM-1 Pea 1.62 0.55 0.52 -1.06 0.460
EM.9 1.56 0.61 0.58 1.05 0.457
S-1 1.61 0.57 0.55 1.04 0,442
N-1 1.59 0.30 0.33 0.91 0.499
WM-1 Buckwheat 1.47 0.32 0.84 0.94 0.482
EM-1 No. 1 1.64 0.33 0.32 1.03 0.468
EM-2 1.57 0.37 0.36 1.08 0.459
5-1 1.64 0.33 0.33 1.00 (.452
N-1 1.51 0.17 0.19 .89 0.491
WM-1 Buckwheat 1.42 0.17 0.18 0.94 0472
EM-1 No. 2 1.64 0.19 0.19 1.00 0471
EM-2 160 0.21 0.21 1.00 0477
5-1 1.66 0.17 0.18 0.94 0.465
N-1 1.51 0.089 0.106 0.93 0.492
WM-1 Buckwheat 1.47 0.074 0.093 0.80 0.484
EM-1 No. 3 1.67 0.081 0.101 0.80 0.487
EM-2 1.56 0.108 0.115 0.92 0477
S-1 167 0.004 0.101 0.93 0.485
N-I 1.59 0.048 0.043 1.07 (.555
WM-1 Buckwheat 1.50 0.049 0.048 1.02 0.508
EM-1 No. 4 1.67 0.058 0.070 0.83 0,492
EM-2 1.33 0.067 0.064 1.05 0.476
S-1 1.66 0.048 0.054 0.93 0.535
N-L 1.60 0.023" 0.024 0.962° 0.556
WM-1 Buckwheat 1.55 0.025° 0.027 0.92°¢° 0.512
EM-1 No. & 1.69 0.082° 0.034 0.94°° 0.489
EM-2 1.66 0.029° 0.029 1.00°® 0.532

1.75 0.025° 0.030 0.98°¢ (.505

51

® Caleulated from shape factor and averzge square mesh size. '
e® Average of the shape factors of the other six prepared sizes from the same colliery.
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responding pressure drops across the bed were
determined. In the majority of the runs the pres-
sure drop readings were made on an inclined
draft gauge with graduations every 0.01 inch
for differentials up to 8 inches and on a water
filled manometer with graduations every 0.1 inch
for readings greater than three inches. A few
measurements were also made on a differential
recording gauge which read to 0.001 inch with a

ried to the lifting velocity, which is indicated on
the plot by an arrow pointing downward repre-
senting the decrease in pressure drop at that
point.

Similar to the experience of previous investi-
gators the present data of pressure drop versus air
flow rate yield straight lines on a log-log plot giv-
ing an equation of the form

range of 0 to 0.15 inch. A P = AU"
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RESULTS AND DISCUSSION

Pressure Drop Versus Air Flow Rate — Figure
2 shows a typical log-log plot of pressure drop
versus air flow rate, for the seven prepared
sizes of WM-1. Normal packing in the six-inch
tube was used, and corrections were applied for
pressure drop through the supporting screen when
necessary. No correction for possible wall effect
has been made. Usually for the samples of buck-
wheat No. 1 and smaller the tests have been car-

3 0 [[] to 3 30
AIR RATE, Ci. FT. PER Mi¥. PER SQ. FT. GF AREA (I14.7 LBS. AND 70°F}

Over the Bow rate range investigated, all the data
except that of buckwheat No. 5 show a relatively
sharp change in slope at some point which neces-
sitates representing each set of data by two equa-
tions. Undoubtedly this change in slope is caused
by a change in the nature of the flow occurring.

Thecreteally, the pressure drop through a gran-

ular bed is proportional to the flow rate when in
viscous How and to the square of the flow rate
when in turbulent flow. From Figure 2 it is seen
that the flow through buckwheat No. 5 is ideally
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viscous over the entire flow-rate range. Further-
more, for this small size of anthracite only viscous
flow can be realized under the present circum-
stances since the lifting velocity of the bed is
reached prior to the development of some tur-
bulent-flow character. At the other extreme, it is
seen that a slope of two is closely reached in the
larger sizes at higher flow rates indieating nearly
ideal turbulent How.

Of particular interest are the data for the inter-
mediate sizes of anthracite which show prolonged
regions of linearity with slopes intermediate be-
tween one and fwo., It would be expected that
if the flow rates were lowered sufficiently and if
the small pressure drops could be determined
that the slopes would tend to the limiting value
of one. However, it is seen that these fow rates
would be too low for commercial interest, so for
all intents the slope of the pressure drop versus
flow rate plot increases with increasing size of an-
thracite. It is furthermore seen that the slope at
the point of lifting of the bed also increases with
increasing size of anthracite. Essentially similar
data on these points were obtained- for the other
anthracites investigated.

Pressure drop variation with intermediate pow-
ers of flow rate between one and two has also

been observed by White (14) in studying the
flow of gas through spirals of copper pipe. He
found that in the upper portion of the viscous
region the pressure drop varied roughly as the
1.3 power of gas velocity for a 15 to I ratio spiral.
In order to check this result further, the authors
bent a 10-foot length of copper tubing, 5/32
inch in diameter, so that one turn was made for
every fifteen tube diameters in length. Pressure
drop on the curved tube varied as the 1.33 power
of gas velocity even though the caleulated Rey-
nolds numbers were well in the viscous region.
A theoretical explanation of this behavior for
viscous flow through curved pipes has been given
by Dean (6). He concluded that this higher
power in the supposed viscous region is caused
by eddy current flow perpendicular to the main
direction of flow. This is undoubtedly partly ac-
countable for the intermediate values of slope in
the present work.

In order to examine the present data in the
light of Chilton and Colburn’s results, modified
friction factors and Reynolds numbers have been
caleulated from the data in Figure 2 and are
shown in Figure 3. In a manner similar to Chil-
ton and Colburn’s original correlation, the data
can be represented by two straight lines inter-
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secting at a Reynolds number of 40. 1t is seen,
however, that the Reynolds number must be well
away from this value to give true viscous or tur
bulent flow. The data for the pea and chestnut
anthracites supposedly lie well in the turbulent
region (that is, at a modified Reynolds number
greater that 80), but as seen in Figure 2, the slopes
are less than 1.7 over the lower range of flow rates.
Furthermore, even though the data for the buck-
wheat No. 4 anthracite is supposedly all in the
viscous region the slope over most of the plot in
Figure 2 is 1.13.

Film Concept of Flow Through Packed Beds
(Qualitatively the value of B can be related to
the existence of a fllm around each particle in
which the flow is viscous. It is pictured that the
thickness of this film, for a given gas, varies with
gas velocity and viscosity, but not with particle
size. Hence, the volume of viscous flow film in
the voids of the bed for a given gas velocity and
viscosity will vary roughly as the amount of sur-
face area per unit-volume of bed. For large par-
ticles the proportional amount of void space that
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is occupied by films is small, and the majority
of the flow is turbulent giving a value of B ap-
proaching two. As the size of the particle is de-
creased, the proportion of void space occupied
by the flm will increase with a consequent
decrease in B. Finally one would expect to reach
a limiting size below which no turbulent flow

would occur prior to the lifting velocity. Such
was the case in the present work for buckwheat
No. 5.

TABLE HE — Results of Furnas for the Effect of Change
of Temnerature on the Constant B for Air Flow Through a Bed
of lron Ore,

AVERAGE
TEMPEBATURE,
°C. B

36 1.67
218 1.56
330 1.48
445 1.48
554 1.40
660 133

To fnd what gas veloeity is necessary through
buckwheat No. 5 to have the flow deviate from
completely viscous, a 70 mesh wire was clamped
on top of the bed to hold it in place when the
normal lifting velocity was exceeded. A test was
then made in which the maximum velocity reached
approximately three times the normal lifting ve-
locity. The results are shown in Figure 4. In
correcting the data the pressure drop through the
screen has been considered. It is seen that B
becomes greater than one at a point just above

‘the normal lifting veloecity and increases rapidly

until a slope of about 1.3 is reached at the highest
velocity used.

In order to investigate further the thinning of
Alms with increase in velocity, tests were made
on three sizes of lead shot. The 0.032 inch lead
shot was small enough so that the void space was
completely occupied by films at normal velocities
and B equals one. In a similar manner to buck-
wheat No. 5, a velocity was reached where B
became greater than one. The other two sizes
of shot were large enough so that the void space
was not completely occupied by films even at the
low velocity. Furthermore, for these two samples
three changes in slope are observed over the
range of fow velocity used.

The film concept holds that the film thickness
should vary as some direct relation with the gas
viscosity., The effect of viscosity can be studied
by varying the gas temperature. Furnas {10) stud-
ied the pressure drop when air was passed through
Mesabi iron ore at temperatures ranging from
26°C. to 660°C. The results presented in Ta-
ble III show that B decreases with increasing tem-
perature. Since the viscosity increases with tem-
perature, the flm thickness also increases with
temperature. Thus there is a smaller proportion
of the void space in which turbulent flow can
accur and B is decreased.
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Effect of Change in Void Volume on Pressure
Drop — Kozeny (11} presented the emperical re-
lationship that for viscous flow the pressure drop
varies as

(1-g)°

B

=
Leva (12) showed that the pressure drop for tur-
bulent fow varies as

1-¢

a

g
but stated that the pressure drop actually varies as
(1-g)8n
for any type of flow. The term n was said to vary
from one for completely viscous flow to two for
completely turbulent flow. Thus n is synonymous
with B discussed in the present work,

In order to examine the effect of voids in beds
of anthracite, tests were made on chestnut and
buckwheat Nos. 1, 4 and 5. Each size was tested
at the minimum and maximum amount of voids
that could conveniently be obtained. The results
af these tests are shown in Figure 5,

Comparisons between measured and calculated
results are shown in Table IV. In general, the
agreement is quite satisfactory, buckwheat No. 5
being the exception. Differences in orientation
of the particles caused by variation in packing
density may account for some of the deviation.

Another fact which should be noted in Figure 5
is the low value of pressure drop to which the
data were carried for the buckwheat No. 1 and
chestnut samples. Despite this, B is still con-
siderably greater than one for both samples, again
indicating the difficulty of obtaining true viscous
flow for the larger sizes of anthracite.

Wall Effect — Due to the influence of the wall
on particle arrangement in a bed of broken ma-
terial, a greater amount of void space is present
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next to the wall than in the central portion of
the bed. This high void section at the wall has
& lower resistance than the center of the bed with
the result that a greater proportion of the gas
flowing through the bed passes through the sec-
tion adjoining the wall. This uneven proportion-
ing results in a lower pressure drop than would
be the case if the amount of voids at the wall
were the same as in the center of the bed. This
is the phenomenon that is generally known as
wall effect. The wall, however, has other effects;

TABLE V.~ Comparison Between Measured and Calculated Values of Pressure Drop as Affected by Per Cont Voids

PERCENTAGE

MeasURED MEssUuED Carcurater  DeviaTioN
Tyer or  Am BRare, Mivisoas P oat Miv.  Maxsmusm P oat Max. P aT Max, FROM

ANTHBRACITE Frow cfm. Voips Voins Voips Voips Voips MEASURED
5-1, Chestnut Viscous® 30 0,493 0.032 0.484 0.051 0.053 3 4%
Turbuient* 300 0.423 2,20 0.484 3.70 3.45 - 4%
$5-1, Buclowheat Viscous 10 0.£36 0.039 0.475 0.081 (0.058 — 5%
No. 1 Turbulent 200 0.438 6.00 0.475 8.80 8.50 — 4%
N-1, Buckwheat Viscous 11 0,499 0.093 0.571 0.020 0.019 - 5%
No, 4 Turbulent 30 0.499 3.45 0.571 7.40 7.80 — 1%
N-1, Buckwheat Viscous 10 .498 4,20 0.554 8.40 7.40 w12%

No. 5

t Modified Reynelds number less than 40.
2 Modified Reynolds number grenter than 80.
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namely it also affects the packing and orientation
of particles in the central portion of the bed and
it causes pressure loss due to friction between
it and the gas stream. All three effects should
be grouped together in defining wall effect. Since
the individual effects tend to vary with change
in the container diameter to particle diameter
ratio, the net effect should also vary with that
ratio,

One main reason for lack of agreement between
the data and equations of different investigators
has been the confusion concerning wall effect,
While there have been many conjectures about the
significance of wall effect there have been few
actual experimental data gathered on the sub-
ject. Also, wall effect has been considered from
two different viewpoints; one, the effect of change
of the container diameter to particle diameter
ratioc with normal packing in each tube, letting
the voids change as they will, and the other, the
effect of changing the rato of diameters with a
constant amount of average voids in the various
tubes studied. Since the amount of average voids
itself has a great effect on the pressure drop the
two viewpoints can give entirely different results.

Furmas {10), on the basis of data on air flow
through two sizes of iron ore in three different
diameter tubes and on one size of lead shot in
four different diameter tubes with a constant
amount of voids for each particle size studied,
worked out an evaluation of wall effect. Even
though his results were based mainly upon theory
with but few experimental data, they have been
generally used since that time in considerations
of wall effect. When Furnas’ wall effect evalua-
tions are plotted on logarithmic paper, straight
line relationships are obtained between the wall
effect factor W (the fractional part that the pres-
sure drop is of what it would be were there no
wall effect) and the ratio of the container dia-
meter to the particle diameter, D/d. The results
show wall effect to be negligible when the D/d
ratio becomes greater than roughly 50:1.

Other workers including Carman (4), Diep-
schiag (7), Fehling (9), and Rose (13) also dis-
cussed wall effects.

Because of the widely conflicting opinions con-
cerning the significance of wall effect, experi-
mental data have been gathered on the subject
in beds of anthracite. In studying wall effect,
thirteen tubes were used varying in diameter from
¥ to 24 inches. The diameter of the tubes avail-
able necessarily limited the wall effect study to
the five buckwheat sizes since high enough values
of D/d to define the wall effect could not be
reached with the pea and chestnut sizes,

The buckwheat No. 1, No. 2 and No. 3 sizes
were studied using normal packing. For the
buckwheat No., 4 and No. 5 sizes, however, seem-
ingly due to the wide size consist there was no
consistency in the amount of voids obtained by
normal packing. Hence, it was necessary to pack
the beds by the methods deseribed previously so
that a constant amount of voids was obtained for
the various tubes utilized. The fractional amount
of voids arbitrarily used was (0.489 for buckwheat
No. 4 and 0.496 for buckwheat No. 5, those being
approximately the lowest amount of voids that
could be obtained with close packing. The amount
of voids varied somewhat with change in the size
of tube for the other sizes studied with normal
packing. The over-all average of the voids was
0.443 for buckwheat No. 1, 0.448 for buckwheat
No. 2 and 0.450 for buckwheat No. 3.
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Fig. 6. — Wall Effect Data, Turbulent Region.

The results of the study of wall effect in beds
of anthracite are shown in Figures 6 and 7 in terms
of logarithmie plots of W versus D/d. Here the
wall effect factor W is defined as the fractional
part the pressure drop is of the maximum ob-
tained for a given gas velocity through a given
size of coal

In expressing the data in Figures 6 and 7 it
has been assumed that B does not change for a
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Fig, 7. — Wall Effect Data, Viscous Region.

given sample with change in the size of the tube,
or in other words, with change in wall effect.
Although there was some variation of B with
change in tube size it was not great and usually
there was no particular trend. The one notable
exception was in the case of the buckwheat No. 5
study where B increased slightly with decrease
in the size of the tube. Assuming B to be con-
stant for a given sample with change in the size
of the tubes, allows the simple representation of
the data as shown in Figures 6 and 7. The as-
sumption is further supported by the fact that
Fumnas’ data on wall effect show B to be a con-
stant with change in D/d.

W was obtained by plotting the data for the
various tubes used on logarithmic paper and pick-
ing off the pressure drop for each tube at some
arbitrary rate, the rate being chosen so that it
was either well in the viscous or turbulent region.®

® The criterion of viscous and turbulent region was w modified
Reynolds number below 40 and above 80, respectively, as sup-
gosted by Chilten and Colburm.

The relative values were then calculated using
maximum pressure drop as unity. Throughout, d
is the equivalent spherical diameter of the sam-
ple. Using the average square mesh sereen size,
however, should give nearly as good an evalua-
tion, since it varies little from the equivalent spher-
ical diameter.

The data on the three largest buckwheat sizes
have been shown in Figures 6 and 7 in two ways;
as experimentally determined for normal voids
and caleulated to a constant value of 0.430 voids,
using the relationships for effect of voids pre-
viously given. The data on buckwheat No. 4 and
No. 5 have been shown as experimentally deter-
mined at a constant amount of voids,

It will be noted that there is little difference
between the results in the viscous and turbulent
regions. There is, however, a great difference
between the results for normal voids and for
constant voids. The data for normal voids show
the relationship usually attributed to wall effect
in that W increases with increase in D/d until
it becomes unity in the range of D/d ratios of
between about 50:1 and 100:1. Although not
enough data were obtained at higher D/d ratios
and normal voids to unmistakably define the fur-
ther trend of W with D/d, it apparently remains
constant af unity for further increase in D/d. The
data for constant voids, on the other hand, show
an increase in W with D/d until the eritical D/d
(arbitrarily defined here as the lowest D/d at
which W is one) is reached. With further in-
crease in D/d above the critical value, W then
begins to decrease. Also, it has been found that
the wall effect and the critical value of D/d in-
crease markedly with decrease in particle size.

It is felt that the increase in wall effect and the
critical D/d with decrease in particle size may
be satisfactorily explained on the basis of the flm
concept previously introduced. It is pictured that
the Row through a film is inhibited while the flow
through space unoccupied by film is uninhibited.
Relatively spenking, there will be less pressure
drop through the space unoccupied by film and
thus a greater proportion of the gas will prefer
entially flow through that space. The flow inhib-
iting power of the film seems to be present
whether the flow is nominally viscous or turbulent.

Cross sections of the hed for two cases of flow
through spheres packed in a cylinder have been
shown in Figure 8. The film has been repre-
sented by a wide dark line on all the surfaces
exposed in the bed. The dimension d is small
enough so that for spheres of that diameter the
films occupy all of the void space in the central
portion of the bed. It can be seen that in Case 1
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CASE 1.

DIAMETER OF SPHERE=6d
# OF CONTAINER:=18 d

CASE 2.

DIAMETER OF SPHERE:= d
v OF GONTAINER=3d

Fig. B. — Use of Film Concept to Qualitatively Explain the
importance of the Magnitude of Particle and Container Diametors
on Wall Effect.

the spheres are relatively large and that there is
a large amount of space for uninhibited fow in
the central portion of the bed as well as at the
wall. In Case 2, however, the spheres are small
while the film remains the same thickness as in
Case 1. The How through the central portion of
the bed is then entirely inhibited while part of
the flow at the wall is uninhibited. It thus seems
apparent that in Case 2, at low D/d ratios, the
wall effect will be greater than in Case 1. It also
seems reasonable that a higher D/d ratio must
be reached in Case 2 than in Case 1 before the
maximum pressure drop is attained.

No tenable explanation has been found for the
decrease in W at high D/d ratios for the data
at constant voids. The trend is present for both
the calculated and the experimentally determined

data. At frst it was thought that the trend might
be a false one due fo experimental errors. Ex-
tensive checking, however, with special emphasis
being placed on esperimenting with the distri-
bution of the air before it entered the bed, uncov-
ered no such errors.

The results obtained in the study of wall effect
at constant voids make it clear why there has
been disagreement between investigators con-
cerning wall effect. If wall effect at constant voids
is studied only at high D/d ratios, the data will
show an increase in pressure drop for decrease in
D/d, while if it is studied only at low I2/d ratios,
it will show a decrease in pressure drop for de-
crease in D/d. Some investigators have held
that the former occurs, others that the latter
ceours.

Furnas has shown that wall effect varies with
the amount of voids in the bed and that such a
variation should occuar is logical on the basis of
the Alm concept. In the present study of wall ef-
fect in anthracite beds no attempt has been made
to study the effect of change of voids on wall
effect, since the spread between minimum and
maximum voids in anthracite is not great enough
for the true trends to be isolated. For that rea-
son the anthracite results are probably not ap-

TABLE V.- Lifting Velocity Data

Lirrivg

LiFriNg Pnessuns

VELOCITY, Dnrop, BurLk

cwft./sq.ft./  lbs./sq.ft./ DeNsrrY,
SAMPLE min, ft. bed depth  ths./cu.ft.
Buckwheat No. 1
N-1 260 31.0 49.8
WM-1 270 32.0 47.6
§-1 260 A7.1 56.2
Buckwheat No. 2
N-1 185 510 48.1
Wl-1 175 50.0 46.9
EM-1 200 57.1 54.3
EMn-Z 200 57.1 524
§.1 180 39.9 55.6
Buckwheat No. 3
N-1 115 51.0 48,0
W1 110 50,0 47.5
EM-1 110 57.1 53.5
EM-2 125 54T al.0
5-1 115 54,7 53.8
Buckwheat No. 4
N-1 G2 44,6 44,2
WM-1 75 18,8 46,2
EM-1 94 54.7 33,
EM-2 83 32.0 50.2
S-1 74 B54.7 59.6
Buckwheat No, 5
N-1 23 46.7 443
WAL 18 49.4 47.3
En-1 18 57.1 54.0
EM.D a5 51.0 48.8
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plicable to a material having voids which do not
fall in the general range of 040 to 0.55 without
some adjustment for the difference in voids,

Lifting Velocity — When the pressure drop
per unit length through the bed becomes greater
than the pressure caused by the weight of the
bed per unit length, the bed should commence
lifting. In most equipment in which fuel is used
in a fixed bed the lifting velocity may not be ex-
ceeded. The lifting velocity is thus a limiting fac-
tor in determining the maximum capacity of fixed
bed equipment and data concerning it should be
useful in designing such equipment.

Table V presents data on the lifting velocity
(for air at 70°F. and 14.7 lbs./sq. in.}, lifting
pressure drop, and bulk density for anthracite
sizes buckwheat No. 1 through 5. The pressure
caused by the bed weight per foot length of bed
is identical to the bulk density figures if the small
contribution of the air weight is not considered.
It is seen that, as expected, the lifting pressure
drop is closely related to the bulk density of the
bed and, in turn, the pressure which it creates
per foot of height. The lifting pressure drop is
seen to be consistently somewhat higher than the
pressure created by the bed, which gives an in-
dication of the magnitude of frictional forces
which must be overcome before moving the bed.

One can then, with this information on the
upper limit of allowable pressure drop in the bed

and the knowledge that the fractional void volume
will be close to 0.5, use equation 1 previously pre-
sented to calculate the allowable flow rate of gas
through a particular size of anthracite under given
conditions of gas temperature and pressure.

NOTATION

A = coeflicient in equation A P = AU"
B =slope in equation AP = AU"
d = the equivalent spherical diameter of par-
ticles
D = column diameter
g = gravitational constant
G == mass-flow rate of gas, G=p U
L = bed height
A P = pressure drop
U = superficial fluid velocity based on empty
column cross section
W = wall effect factor, the fractional part that
the pressure drop in a bed of a given diam-
eter is of the maximum pressure drop at
the same flow rate for any bed diameter
¢ = fractional void volume in bed
o = density of gas
w = absclute viscosity of fuid
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