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SUIMMARY

The purpcse of this investigation was to obtain
data on the flow characteristics of a.flﬁid-fine particle
mixture transported in a vertical tube. This involved
initiating a flow of a mixture of fine clay and gas in a
l-inch tube, and after flow was initiated; measuring the
gas velocity, powder concentration within the tube, pregsure
drecp over the height of the tube, and the rete at which
solid was transported, vertically 100 iézhes.

It was the purpose to extend the range of
data on this same subject obtained by Chambers#, using
air as the fluid,. It was further the purpose to use
as the transporting fluld carbon dioxide and hydrogen
in order to determine the effect of fluid\density and
viscositye |

The results of this theﬁis using clay and
air have greatly extended the data of Chambérs, especiélly
in the range of low air velocities and high concentration
of solid in the mixture. The results change slightly |

the correlations presented by Chambers but, in general,

substantiate his worke.

#Chambers, J.M., "Flow Characteristics of Air-Fine Particle
Mixtures in Vertical Tubes", S.M.Thesis, MIT (1939).
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The resukts are presented as correlations between

air veloclty, feed rate, pressure drop over the height
of colurm, clay concentration and the relative velcclity
of the rluld with respect to the sollid, here called’slip..

This thesis indicates from the ﬁse of carbon
dioxide and hydrogen that under the conditions of this
work, the gas density has no effect on the flow
characteristics of gas—finevparticle mixtures. It
does show, however, that the slip of a given soiid under
identical conditions of feed rate and clay concentration
is a function of the viscosity of the transporting gas.
The ratio of slip for a gas to that of air‘under the
same flow conditions 1s the inversé ratio of the gas and
alr viscosities, %hus allowing the air curves to be
used for estimation of the flow characteristics for any
gas. | | f

In the region of reasonably high feed rates and
gas veloccities a correlation has been developed from
the theory which allows estimation of feed rate
from alr velocity and clay concentration, which checks
the actual daté to a marked degree.

Recégnition of the complication due to

elutriation at low transport rate has been made and
'no point other than the presentation of fhe actual

. data is made.
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It is recommended that further work be
done on the existing apparatus with solids of different
density, size, and size distribution in order to
determine the effect of these physical properties of
the .so0lid on the flow characteristics, concentration,

'gas velocity and feed rate. It is rpcommended that the
apparatus be changed to allow the study of the effect
of thé variables, tube height and tube size on the

relationships. \
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INTRODUCTION

‘ The*procéssing of powders and fine particles is
an increasingly important operation in industry. As
powders bear a close resemblance to liguids, they are : ’
conveyed, fractionated, and distilled just as are 1iquids \
and these operations are carried out 1n equipment
similar to those employed for fluids., Thus, we find
pigments, cement, grain, etc., elutriated and transported
% through pipes by a stream of air, and other fine
L - particles, pumped, classified, and processed in a
current of fluld. It is, therefore, obvious that a
lknowledge of the principles underlying these operations

would be of value 1n design, estimation of power

consumption, and control of equipment involved in the
processing of fine materials.
- The handling of fine particles with the

| - aid of fluids can be divided into two groups: (1) Those
.éé which use ligquids as the fluid carrier, and (2) those
which use gases. Each of these groups can be
'sub-divided'into two more groups: (a) those which
aim to elutriate or fractionate the particlés of
different size, and (b) those which transport or
cafry the particles of the material as é heterogeneous

mass. In this work only the transport or movement

of particles by gases is consideredand in particular
J -
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the movement of particles under the influence of gases
in a verticad tube.

Several princlples which may apply to special
cases of this problem should be considered, In the
case of small particles moving in a fluid at low
velocities the motion can be predicted by Stoke's
Law (6)e. As the size of the body and its relative

velocity increase the motion changes to a type which

can be expressed by Newton's law (4), For particles

whose diameter is intermediate between the region
where Stoke's and Newton's 1aw§ hold, the mction is
correlated by a dimensionless friction factor f and
the Reynolds number in a manner similar to fluid

flow (7). These three principies apply %o conditions
where there is no interference 6f the moving particles
with each other, commonly called "free settling
conditions™,  Where the concentration of the solid
in the fluld becomes so high that the motion of

the particles is influenced by the presence of other

particles, the "hindered" or "impeded settling"

'conditlons are encountered. (7)

These prlnciples, while holding at low

concentrations of s0lid in the fluid, do not seem

to be applicable to the conditions of high concentration

encountered in the commercial transport of powdered
J ‘
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matefials- Some attempts have been made to correiate
varlables under these operating conditions (1,2,3,5),
These 1lnvestigators determined the relationships between

air velocity?} Vé, particle velocity, Vc, slip, S%, and

‘constants which are characteristic of the size, shape,

and specific gravity of the solid material. The
work of these investigators is mainly preliminary and
deals with the motion of a single particle in regard

to its acceleration and slip or "floating velocity"

- under conditions where little interference of other

.particles is encountered., The several empirical formulas

presented are, however, not applicablé to many cases
and may be subject to question as to their soundness.

Chambers (2) has worked with fine clay and

air in a vertical tube and has determined correlations

between air velocity, pressure drop, feed rate,
and solid concentration, all in a l-inch tube., He

made both batch and continuous flow determinations and

' in the latter, measurements were made after flow was

initiated. As his work shows promise, this
investigation was carried out to add to and extend
his contribution, énd to‘studyvthe effect of variables
held constant by Chambers,

© It seems probable that the flow characteriétics

of fluid-fine particle mixtures should be dependent

—

*This is the difference between air velocity and particle
velocity, S = V,-V,, and is called "terminal velocity",
"floating velocity", and other terms by different
authors,




on fluid velccity, feed rate, solid concentration and

the physical properties of the sclid. Furthermore,
considering the fleynolds amlogy of fluid flow, the
diameter of the confining tube and the physical properties

of the transporting fluid should be impertant factors.
5 Therefore, in this investigation the thrée variables,

fluid velocity, feed rate, and solid cencentration were
measured in a vertical column of constant height. Only

one powder solid was used, that is, filtering clay, but

the transporting fluid was varied.

The purpose cf this investigation is to extend

the range of the data obfained by Chambers for the flcw
of a fine blay in a vertical tﬁbe with air as the
transpofting fluid; to use carbon dioxide and hydrogen
individually as the transpofting,fluid, thus giving

a ccnsiderable rahge in fluid density and viscbsity;
and to attempt to correlate the flow characteristics:
of fine solid-fluid mixtures wifﬁﬁthe several variables
inVolved, in the hope that these may serve to predict
flow characteristics for other conditions.

e
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DESCRIPTION OF APPARATUS AND METHOD OF OPERATION

- :
The apparatus used in this work is the same

in principle as that used by Chambers. However, as |
Chambers used only air and felt that he might have errors

in gas measurement, a new apparatus was bullt under

~his direction, This apparatus is a modification of

the'one used by Chambers and contains features which
he found to be desirable during his previous wofk.
It is a oqmpleteiy closed system, planned for use
with gases other than air, the use of larger column
diameters, and for greater capacity than could be
reached in Chambers' original apparatus.

This is a description of the experimental
apparatus, shown inbthe accompanying detailed sketch,
and the method of operation. The apparétus consists
of a vertical column of 1 in. tubing 100 in. in
length, measured from butterfly valve 22 to the top,
through which particles of solid from tank C are
blown by gas from blower E.

' So0lid and gas are separated in sepérator
D. The gés.is filtered here and passes to a return
tube where it is metered by means of orifice M.

The solid fallé into either of two weighing hoppers,
A and B, sd}ection being made by flapper valve 23,
These;hoppers are suspénded from scales and as they

are connected to the rest of the system by flexible
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rubber tubing, allow Wweighing of the contents. The solid
ig returned ﬂbvthe feed tank through pinch valves 13
L ~ and 14. - |

The gas from the retﬁrn line passes through
a dust filter'I to the blower, which is equipped with
by-pass and valve 3. The gas from the blower first

4 passing through a filter to remove oil is distributed

to a header K and also to the column thrqégh valve $4.

Lines from the header enter the feed hopper with

pinch valves 11, 12, 16 and 17, this gas serving to
‘agitate the solid and build up a pressure in the
hopper. ‘
Bottles G serve as a'gas reservoir %o

compensate for pressure changes of the system during

;g running conditions.  Provisions for blowing the

§ filter in separator D free from fine solid is made
by reversing the air flow through it by means of
valves 1, 6, 15 and 7. The dust laden air is

1] returned to the blower through filter H which can

also be blown free of solid by manipulation of the
above valves, Manometers are cbnnected to taps @,

Before beginning a run all valves except

1, 2, 3, 5 and 22 are closed. Then_the motor which
‘drives the blower E is started. The gas velocity is
regulated by means of valve 4, and ité magnitudé is
determined by the pressure drop across the sharp-edge

orifice at M. Valve 3 on the blower by-pass is used
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to control the pressure in the header at K. The pressuré
in the feed cpamber containing the solid particles is
kept at the desired magnitude.

The feed.rate at a ﬁarticular gas velocity
is controlled by adjusting valve 21. DBy means of the
constriction at N the gas is given greater turbulence,
and this results In a steadier flow of solid particles
from the feed-chamber than would otherwise be obtained.

In addition, the constriction serveé to preventvthe

-particles from sliding down into the dead space about

valve 19 and partially stopping up the gas line, which,

‘however, is only of secondary importancse. The gas-fine

particle mixture passes up the columh L, to the
separator D, The pressure drop 1ls observed across

40 inches of the column at its bottom and also across

the entire column.,

Depending on the concentration of the clay
in the column, the gas veloclty drops off, and
it becomes necessary to open valve 4 slightly more

to restore the velocity to the magnitude at which

it was initially set. By slightly opening valve

10, it is found thatrfluctuatidn in the gas velocity
is decreased. However, if opened too far, the
fluctuation is increased. Once adjuétéd, it is
seldom necessary to change the setting of this valve

for other gas velocities,



Until fgirly Steady conditions are obtained,
the feed which passes up the column is allowed to fall
in either hopper A or B by changing the position of
valve 23. The initial weight is taken of the hopper

into which the feed is to be cassed during the run,

Waen conditions become steady, the feed is switched to

this hopper by flipping the valve. After an arbitrary

-

time interval, measured by a stop-watch, the feed is
switched back to the first hopper. The hoppers are
connected to the apparatus by large rubber tubing
and are suspended from scales in such a manner that
these joints are always in compression. Hence the
difference petween ﬁhe final and initial weight of
the hopper is the correct weight of the clay which has
passed over. This was determined by calibration.

After the final welght is taken, valves2l and
22 are closed and the motor stopped, all simultaneously.
As soon as possible the valves leading to the feed-
chamber from the header are closed to prevent these
tubes becoming full of the solid. Valve 19 is then
openéd and the solid in the tube Lelow valve 22 a
is run into the flask F and weighed. A length of
thin-walled rubber tubing is used\to attach the flask
to the system in such a manner that the balance indicates

the true weight. By openiﬁg valve 22, the solid
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traﬁped in the column is run into the flask sufficiently
‘slowly to prevent any flowing up into the gas-line.

This gives the weight of solid in the column of known
dimensions, and from this the concentration can be
obtained.

The solid is removed from the flask by starting
the blower, opening valve 18, and turning the flask upside
ddwn. The removal is facilitated by preventing
constriction in the flexible joint. Valves 13 and 14
are opened in order to return the solid from the
welghing hoppers to the feed-chamber. By allowing the
gas to bubble up through the solid in the hoppers, the
dumping is hastened. The blower is again stopped,

and all valves set as at the beginning of the run. At

low feed rates it is possible to make a number of runs

"before'it becomes necessary to empty the weighing

hoppers.

The pressure drop across the filter in the
tank D is occasionally noted, and i1ts magnitude indicates
éhe extent of the clogging of the filter. To unclog it,
valves'z; 3, 0, 6, 7, 8 and'9 are opened and all others
closed., The blower is started, and ths gas is blown
backwards through the filter snd unclogs it. kIt
is also advisable to unclog the filter H from time
to time. This is accomplished by opening valves 1,2,3,
5, 15, 8 and 9, all others being closed, and starting

the blcwer.
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The gas-holder G functions as a ballast to prevent

- too great a decrease in pressure in tank D when starting

the blower. In a short time the pressure in the various
parts of the system comes to equilibrium, and the water
level in G becomes constanﬁ.

I and J are cotton-packed filters. The former serves
to remove any solld particles that D and H fail to remove,
whereas the latter removes oil droplets from the gas
leaving the blower. |

At low feed rates, such as two pounds'a minute
or less, the solid flows without the necessity of agitation.
However, for high feed rates, gas is slowiy bubbled
through the fine particies by opening valve'IV. In

cases of very high feed rates it sometimes becomes

- necessary to open valve 11, producing further agitation'

near the feed valve,

1t is found to be most convenient to weigh
the weighing hoppers while the blower 1s running, and
ralibration showed that this did not produce any

deviation from the true weight., In this manner it

is possible to make checks on the constancy of the

: feed rate for a given set of conditions without

‘shutting down by flipping valve 23, after an arbitrary
time interval, and then weighing the hopper.

14



When running at high concentrations, it is found
that the fine particles flow up the bottom pressurs tap
as soon as the blower is stopped. By closing valve
20 as soon as the blower is stopped, the gas in the line
leading from the tap to thse manometer is kept under
pressure. When the column has been emptied, the solid
is forced out of the top by opening this valve.

The pressure drop (AP) across the entits column
at high concentrations is‘too large to be convenlently
read on a manometer using water as the liquid. Instead,
mercury 1is used. This has the disadvantage, however,
of being inconvenient and not sufficiently precise
at low concentrations. For these reasons close attention
was given to the AP across 40 inches at the bottom of
the column, and an occasional reading was noted during
‘the run of the AP across the entire column,

When gas other than air is to be used as. the
transporting fluid, the system is filled with the desired
gas. This is best accomplished by allowing the gas
to flow slowly into separate parts of the system,
displacing the air and sweeping it out with as little
mixing as possible. Upflow is, of course, best for
admitting carbon dioxide, and downflow is used for
hydrogen. The system can be separated into smaller
closed systems by the various valves which materially
aids in building up a high gas concentration in each

part independently of the others,




When it is believed that most of the air 1is
displaced, the entire system is completely connected and
run while gas is allowed to flow into the system at one
point and purge at as great a distance from entrance
as possible. in this way; if leaks are kept at a minimum,
gas densities approaching that of the pure gas can be
reached. Maintemance of this density under running
conditions 1is not.absolutely possible because cof small
leaks and cccasionally the system must again be run while
admitting gas and purging in order to keep the density
within the desired range.

The density of the gas is determined by gas
anaiysis in a high accuracy Orsat apparatus. Where
carbon dioxide is the system fluid, the COs is determined
by adsorption in strong NaOH. In the case of hydrogen
the oxygen is adsorbed in a solution of potassium
pyrogallate and from this value the amount of air present
is determined. The density found by gas analysié is
 occasionally checked by weighing a lmownvolume of.
the gas.

All joints and rubber tubing in the system

ape kept gas tight and are carefully checked frequently

to prevent leaks.
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1e Glass lube. Series A,

The column of the apparatus as originally built
was made up of several sections of glass tubing held
together by rubber connections. The approximate inside
diameter was 1 inch, but did vary within‘absingle plece
and between different pieces from 0.972 inches to
1.032 inches.,

| In Series A a fine clay was transported by
air in a vertical l-inch glass column of 99 inches
height. The clay, a filtering clay, bentonitic in
character, was 70% through 200 mesh and 96% through
100 mesh. These runs were made in series of variable

number at constant air velocity. During a run the

pressure drop over the entire 99 inches of column and

the bottom 37 inches was determined as were concentration

within the column and the feed rate. Thus for a

' complete'run three to five variables were measured,

not all of which are independent as will later be seen,

The pressure drops were measured by
manometers and were expressed aS’pounds per square
foot per foot of column height. Concentrations were
measured by stopping a run instantaneously and trapping
the solid within the column, then weighing the solid.k
From this weight and the lmown volumes of the column

the concemitration was found and expressed as pounds

per cubic foote.

17
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It is obvious tuat the pressure drop in a
vertical column of mixed solid and fluid, where the solid
is of much greater density than the fluid, should be a
function of the solid concentration. Chambers (2 )
had found in a column of 5 ft. height that the pressure
drop was approximately equal to the concentration. |
Because, if a correlation could be obbtained the troublesome
concentration determination for each run coﬁld be
elimingted, a large number of the first runs were made
to determine the relafionship between’préssurﬁdrop in
the column and the concentration. These were made at
the different air velocities employed in the later
experiments. The tabulated data can be found in the

Appendix. Runs which carry the same lower case

‘letter are identical runs and have been used as'averages.

The data are presented in Plots I and II,
Series A. Plot I is concentration (1lbs./ft.2) vs,.
pressure drop across the bottom 37 inches of column

(los./ft.%). Plot II is ccncentration vs. pressure

'drop across the entire 99 inches of column. It is to

be noted that AP express;d as lbs. per square foot per
foot of column heighﬁ is in the same units as
concentration, pounds per cubic foot,

The ailr velocity was measured by an

orifice teyond the air-solid separator and is reported

as feet per second of superficial air velocity in a

l-inch tube. Calibration of orifices can be found

in the Appendix.

7
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The feed rate was determined by weighing the solid
transported in a given time. It 1s expressed as pounds
per minute‘passing a square foot of cross section
(1bs.e/min./sq.ft.). Several duplicate runs were made
by switching the feed weighing hopperé while rﬁnning.
Thus pressure drops were measured on each rur, but |
concentrations usually were determined on only one or two
of these similar runs to serve as a check of the AP~—
cencentration relationship.

The basic data tabulated in the Appendix are

presented in Plot IT1, Series A. Here, pressure drop

bacross 37 inchee,of column is plotted against feed

rate giving curves at constant air velocity.

Approximately the same results can be obtained by plotting

‘concentration vs, feed rate, but as AP is expressed

in the same units and more data are available they are

presented in this manner. Concentration can be found

by reference to Plot I. Most of the polnts on Plot III

are averages of several runs.
2, Brass Tube. Series B.

From the results presented in Plots L and
1T, Series 4 it is seen that the pressure drop is
somewhat greater than the concentration. This difference
could not readily be explained by friction alone and
the most logical explanation was that the constrictions
and variations in the glass column were at faulte
In order to eliminate these factors the glass tube

was replaced by a brass tube of an exactly uniform

09
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inside bore 1.0l1 inches i.d, A4t the top of this tube a
short piece of glass tube was placed to serve as a

sight glass. The inside diameter of this glass tubing

was substantially equal to that of the brass tube.

Again, as in Serles 4, a larve number of
porntG were determined to obtain the relaulonshlp between
concentration and pressure drop across the entire
column, now 97.25 inches,'aﬁd the bottom 40 inches
of the cclumn. Concentrations, pressure drops, and
feed rates were determined and expressed as in Series A.

The tabulated data can be found 1n the Appendﬁx,

Tacle l, Series B. DPlots I and II, Series B present

the relationship between pressure drops and concentration.

Plots IV and V, Series B present the basic

~data of pressure drop vs. feed rate at consbtant air

velocity. In these it 1s to be noted that the alr
velocitlies are not the same as in Series A&, but cover
the range of low air velocities from 4 to 1 ft ./sec.
This gives regions of high concentration at lower
feed rates, the regions considered the most important
to study in this limited work,

The curves of air velocity 2.13 and 1.07

feet per second are nct to be extrapolated beyond the

point drawn. It was observed in the runs at 1.07

feet per second, when feed rates are slightly greater
than 400 1lbs./min./sg.ft. were reached that the column
concentration became so'high that air ceased to flow

through the mixture and the column became tightly
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packed witth clay and transport of solid ceased. Thus
the upper end of this curve represents the maximum
feed rate and concentration attainable at this air
velccity in a 1 inch tube 97.25 inches high.

The lowest feed rate range of this curve, that
1s, the left end, is probably not representative of
homogeneous transport conditions. It was observed that
belcw this point the solicd ohly filled the column to
near the top with particles elutriating over into the
separator. Under these conditions the clay‘in the column
acts like a liquid with a definite liguiad level; the
Solid passing over doing so by passing from this dense’
level to a dilute or vapor phase and blowing over,

This level of concentrated solid diid fluctuate over
several inches of heighf and the left end of the curve
while believéd to be representative of the lowest
“range of true transport may be influenced by this
variable level. The.curve drawn represents the narrow
range in which transpoft or homogenecus flow conditions
are known to eiist for the materialé.and conditions
employed.

The data from the runs in the vertical brass
tube using clay as the solid and CO2 as the transporting

fluid, are presented in the Appendix, Table I, Cog Runs.




These data are not presented as curves as they fall
almost on the correspoading alr curves. A table of them
with corresponding calculated data will e found in
Discussion of Results. The gas velocities reported
were calcutated from gas density and the air orifice
calibrations.

The Hydrogen-Clay Runs, Series C are reported
as tabulated data in the Appendix, Table I, Series C.
Here the gas velocities reported were calculated from
gas density.and air orifice calibrations. Concehtrations,
pressure drops and feed rates were determined as in
Series B. The gas density varied from run to run and
is reported as original data. The results are grouped
into two sets of different gas velocities and
molecular weight of transporting gas. These data
are presented graphically in the customary manner

in Plots I and 11, Series Co,

pRas.
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DISCUSSIOK OF RESULTS

Baclh point on the expérimental diagrams presenting
the data corresponds to a separate run or an average of
several duplicate runs, generally in which five
quantities were measured. These were total pressure
drop across the column, which in this work was nearly
100 inches high; the pressure drop across the lower
40 inches of the column; the feed rate, i.e., the raté
at which clay was being fed and discharged; the
superficial gas velocity; and finally the average
concentration of clay in the whole column. All these
runs were conducted under steady conditions of flow
where true transport of solid by fluid existed.

Series A was run in a column of glass tubes; Series
B, ¢, and COz Runs were mads with a bréss tube.

In interpretation of the data it 1s imperative
to keep in mind two facts: first, that there are
surges in flow so that the signifieant factors are
the average values of the quantities measured during
a run, and sécond, that, while the methods of
“measurement of pressure and flow rates tend to give
such average values, the measurements of concentration
in the column inevitably are determinatlons of point
conditions, any one of which is almost sure tc Dbe
unrepresgntative of average conditions. These facts
do induce deviations in results, but it is felt that

the general relationship obtained by drawing smooth



curves among the data points are quite represeantative.
Furthermore, it is believed that the ordsr of deviations
of the experimental poiants from the curves fairly well
represents the probable errors.

The pressure gradiant, as noted before, is
expreSsed in 1bs. per cu.ft., 1.e., as 1lbs. per sq.ft. §
for each foot of column heizht. 4This makes it
camparable, in the same units, with concentration,
lbs. per cu.ft. Plots I and II, Series A representing
the data on the glass tube, show that the pressure
drop 1s considerably greater than the concentration,
This difference is too - large to be explalned as a
frictional drop along the tube. The glass tubes making
up the glass column were later found not to be of
uniform diameter and the excessive pressure drop was
assumed to be due to the slight constrictions in
~the tube. Because of this fact, the data of Series A
are considered to be less dependable, but are
‘included as théy extend the range of Series B,

Plot I, Series B shows that the measured

pressure drop in the column as a whole is about 5%
less than the>mbasured concentratidn. The reason

for the direction of the divergence is not clear,

" but it is concluded that it is probably due to the
difficulty of elimination of'disturbing effects at
vpressure taps.v It is felt that the pressure gradient
over the'entire column is essentlally equal to the

concentratione.
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Plot IT B shows that the pressure drop in the
vobtom 4C inches of the tube is about 5% higher
than the average concentration in the whole tube.
While this mighf be due to the lack of the same
disturbing effects as over the entire column it is
relieved that the added pressure gradient is a
"gaprometric" effect. The rluid-fine particle mixture
consists of a solid and a gas and because the lower
portion of the column must support that above 1%,
it is reasonable to assume that the mixture is more
dense, that 1s, greater concentration. The mixture
becomes as if compressed, with more solild particles
filling the voids of gas. This increased concentration
obviously would cause a greater pressure drop per foot
of height at the bottom of the tube than the average
V\Lressure drob per foot of height caused by the fluid
whose concentration decredses from bottom to tope.
Plot ITI B presented here reproduces the two
preceding plots for use without th;konfusion of the
experimental points.
The data in the glass tube are presentdd in
Plot III & and for the brass tube and air in Plots
IV and VB. Plot VI B is constructed from the
preceding two together with IIIB. This is Dbelieved
to be the best presentation of the relationship
betwesn concentration in the entire tube, and the

feod rate at constant air velocity.
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The shape cf these curves both in Series & and B
are seen to oe the same general shape as those found by
Chambers. It 1s to be noted that at the same air
velocity and same feed rate these curves show a higher
concentration than is reported by Charbers. His curves
are, however, for the transport in a column of 67
inches whille those presented here are for a column
170 inches in height. The curve of 7.8 feet per second
in Series A is the cnly one directly comparable with
data by Chambers. Comparison of these two curves at
7;8 ft. per sec. shows that the curve for “eries A is
higher in concentration at the same feed rate.

This increase after a feed rate of 1000 is a remarkably
consbant amount and expressed as AC/AF is equal to
approximately 0.5/1000., That is, for every 1000
’inérease in feed rate the concentration of 7.3 fﬁ./sec.,
Series A is 0.5 higher than the 7.8 ft./sed. determined
by'Chambers. The fact that this relation does not
‘hold below a feed rate of 1000 is probably due to the
error qf‘extending the curve to the origin. #4s is

seen in Series B the curves as théy approach zero

feed rate may become discontihuous for transport
conditions, the actual conditions belng those of
elutriation. Thus, there may be a corrélation betwesn
the height 6fvcolumn of mixture lifted and concentration
at the same air velocity and feed rate., Obviously,

data must be obtained on different heights of columns

to substantiate this. However, it 1s easlly seen

= ,
B
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that the "barometric" effect mentioned before would
cause an increase i1 the average concentration for a
coclumn of greater height at the same conditions of
feed rate and air velocity over that in a shorter
column,

The actual mechanism by which a particle is
supported and moved by a rising gas is the frictional
forge of‘tbé gas moving past the parﬁicle. Then,
the variable which really determines the movement of
particles suspended in a rising gas 1is certainly
the difference in velccity between the gas and the
particle, that 1s, the slip, S. It 1s perhaps best
defined as S = Va - Vc, gas velocity less clay
velocity (ft./sec.). These velocities of necessity
must be averages, As clay veloclity can not be
measured directly it is defined as V_ =R/C where R
is the clay feed (transporting) rate (1lbs./sq.ft./sec.)
and C is the clay concentration (lbs./cu.ft.). Vg
is here taken as the superfieial air'velocity which in
these experiments never differed from the actual
velocity allowing for voids by even as much as 155,
Since R, C and Va were| measured, S is readily computed
and 1s presented in Plot VIIB and IVA as a function
of air velocity at constant ci&ay concentration.

These are constructed curves, VIIB being constructed

from the curves of IVB, using the ordinates of IV
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as concentrations, because it i1s felt trat IVB represents
the most dependable basic data at present availabls.

The points on VIIB are construction points and not
eXperimental. At S = Vg, VC is zero, hence the _
curves have no shysical meaning whatever to the left

of the 45° line.

Fh

The curves o plot.IVA are not considered to be
fid{y representative cof the Actual condition. First,
because of the error in Series A measurement and
secondly, the curves close tc the 45° line are
extrapolated. It is presénted,‘however, as the shape
of the curves to the right are thought to fepresent
the actual conditions. It does extend the range of VIIB
and may prove of value in this respect.,

Plots VIIIB and VA indicate another possible

way of correlating relationships, but it is believed

that the following plots are more helpful. These

bplots confirm the conclizsions of Chambers that as

concentration increases at constant air velocity;

the slip decreases because of increased friction due

to the ga%ﬁlowing through the smaller voids. That

this slip, while smaller, should produce a higher
friction thus transporting solid at a high concentratioﬁ
is reasonable and the data confirm_this pcstulate.

These plots do, however, show that at

constant clay concentration, slip increases with

increased feed rate. &t very low feed rates, slip

should be equal toc the free falling veloclty and

SRR



PR S e [ e e S —

000% 0001 oo B o

o s = PR £ p 3 E PR TS 3 2 A TTRTTETTY
i . i ! . P S . P : ! i
M A RN N S S o ._
- SIS L130S/NIN/SET 31vY 0334 | |
; _ P , m : i I i ;
co L R o :
~ ; S n L —— IR ol | N
IR “ , B T | W _ 4
] A _ R w | |
. . ” . . _ N _ n . . r N L SN N S e h‘ n — ] .
] i TS RO IR : : w S : w
; : ) : _ ; : , . : ) s
! i ! i X i ! :
i . i . ] | | i )
S SO US SOT Y A e : : : L : BTG
; _ . k - ; - B . - ‘.,. . _ ...... . ) m
: H N !
" , e e ...M,i e — ." - i “ - R e i — - : P S i
; i R b i ” : :
S A - S A b - . ” ,_
”_,. i lx“. etz _H S . i - e I [ S : - L : s
' ! S i ‘ . : . i i ’ Lo i e
o e e S S L . m. bt = _. S
. . o “ w il_p : .*- - . R - i s I ! : Lol “ ....... Lle
e i . e i : e 4 - %.l...! .. w-l[ L o e e e ] : ——d ii..fe-.,.:.i»!‘..l.«.f.-hm IS S — A - - : L G b —
| P ” “ , P A _ L
i : I S Lo . S
M | A |
. |
| :

i !

v N S N .. .

: i H !

i i Il
: : L 1
; SO S S e s S

i
i

PR RN




L4 0S/NIN/ S8 M_E 0333

T
I
|

el

———

N s i
1 ) 1
' ] ! i !
H - | n
1 . H
- lm ——— \.u ,_ I.AA“ -— -
. f i i
| ! H ; !
O .l....h.n.l _ l_..zl) - -
7 i i i
: i )

|
-
!

I— L

Y A, +II SRR S

t
i
'
1

SRS AN R




A
chog

independent of the rate of feed. When conditions

of higher feed rate and high'concentrations are reached,
8lip increases probably due to the introduction of
a'greater amount of friction of the particles on

each other, the overall frictional force being that

of the mixture on the tube walls,

| IX B is constructed from VIT Bo It will be
noted that the slip in this range 1s not greatly influenced
by air veloecity so that interpolation of slip for
intermediate air velicities 1is relatively dependable.,
The envelope curve at the left corresponds to conditions
of zero feed rate, i.e., to the 45° line of VIIB,

4B is identical with IX B except fof scale and for

the fact that high ve1001ty curves, above Vg=4,

have beeﬁ inserted from Series & data. These high
velocity lines should be looked on as tentative only.,

In bntthX_B and XB abscissae arelﬂLven as pressure
gradients; because the curves are in fact based on
preésure measurements, but it is recommended that in
using them pressure gradient be considered equivalent

te concentration,

| VII-B differs from the similar plots

previously presented, based both on the work of

Chombers and pldt IV A of this program, particularly

in tle shape of the curves corresponding to high .

concenuration and low slip. However, the curves of
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VII-B coerrespond to the present data and 1t is believed

coenform te the general characher of the phencmena.

It should be emphasized that the 45° line (allowing for

scale) of VII-B‘corresponds to zero clay feed rate.

Thies conditlion always involves fractionation of the

clay, ©tlowing out the finer particles before the coarser.
The experiments here reported all correspond tc steady
conditions of flow so far as is experimentally obtainable.
Consequently, there must be a discontinuity between

the smooth curves of this figure and condltions existing
at zero feed rate. At high air velccities, low clay
concentrations and high slip, cne caxn apprcach guite
clesely to the 45° line without getting much segregation.
At low air velocities, low slips, and high concentrations
far more segragation develcps, even &t consideralils

feed rates. In consequence, cn the high concentration
curves at 1w air velccities the clay in the cclumn
averagzes much coarser than the clay being puiiped.
Obviously; therefore, more friction and hence mnore

slip is required to support the cclumn of clay of given
density. This 1s the reason for the minimm in

the cqﬁstant cencentration curves at high concentrations
and the rise in slip in these curves at the left of

the minimum. In using these curves, one must always

keep in.mind the tendency toward segregation, rememoering
that it is large as the 45° line is apuroached, particﬁ.larl;,—
at high concentrations. 4t low concentrations away from

the 45° line, the dataakecuxﬁincing that segregétion is



inconsequential. Vere it possibls to realize couditions
of steady flow without segregation (e.g., by purmping

a powder of uniform particle size) 1t is felt that minima
wculd not be encountéred in the constant ccncentration
curves of VII B, -

Series C represents the results of flow
experiments entirelj\éﬁmilar to those of “eries B, conducted
in the same apparatus but using hydrogen instead cof air.
Under the conditions of operation it is impossible
to avoid a small amount of air contamination of the
hydrogen, but the molecular weight of the mixture,
determined by analysis for cxyzen (air) and confirmed
by direct determination of gas density, ranged from
a little above 3 to about 5. This means that the
percentage of air gces down to almest 4%. IC and IIC
correspond Lo two differ%nt gas velocitiss.

Table 1, constructed frcmuIC, IIC and _VB, shows that
the ratlo of the slip with hydrogen tc the slip with
alr, under identical conditions of feed rate and clay
ccnecentration, averages 2.17, with a maximum deviation
of less than 15% and an average deviation of less than
7%. A number of runs with Cog gave slips which did not
differ significantly from those obtained with air,

1t seems extraordinary at first that a density
variation in the 1ifting gas of ten-fold makes only
a two-fold difierence in the velocity cof the slip.
On the othér hand, in view of the fact that this clay
was approximately 70% thru 200 mesh, it turns out

that the Yeynolds number of a single clay particle



TABLE I

81ip of alr and H, at equal C and F. (IC, IIC and IVB)

Vg

5.0
5.0
5,0
4,25
4,25

4,28

15. 9
12,2
)
7.2
//’
15,4
13.4
10.8

A

3.7
2,9
3.4
2.9
2,45
2,2

A

1.54
1.87
1.298
0.95
1.33
1.74

Aver,

1.85
2,26
2.32
2,05
2.35
2,18

2.17



falling through the gas is so low that viscous rather
than turbulent motion of the gas around the individual
. particle is indicated. Granting this fact, the
fricticn of the gas against the particle should foliow
Stoke's Law5 R = 3muDV, where R is the frictional
force, ¥ 1s the viscosity of the fluid; D the diameter
- of the particig, and V the relative velocity or slip.
This Wguldﬁgéquire that the friction, i.e., the slip,
sheuld be proportional tc the viscosity of the gas and
independent of the density. In fact, the viscosity
of air at room temperature is aprroximately 2.1-fold
the viscosity of hydrogen, whereas the viscosity of
CCz is about 17% less than that of air. The viscosity
(éatio for aif:hydrogen, 2.1, checks the slip ratio of
the above table well within the experimental accﬁracy
of the data. It is true that the ratio éhould be the
viscosity for alr vs. the viscosity of a mixture of air
and Hgz, but the error for a 95% Hg_mixture is only about
1274 from 2.1. The relatively small difference between
the viscosity of CCz and air, made still smaller by the
fact that leakage of a little air into the CCs in
the apparatus could not be avoided, explains the
substantial check between the measured slip for COp
and air. In other words, it is ccncluded that the curves
here presented for air, e.g., IVB, IXB, and ZB, can be
used for other gases by allowing for the fact that at
ldentical values of concentration and feed rate, slip
will be inversely proporticnal to the viscosity of the gas,
i.e., inversely proportional to the yiscosity of the

gas relative to that of air at room temperature.

A Tanmaem
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SLCH COF CLAY IN COp

Tablé 2 summarizes the data on the runs with
COz, using the same clay as in the ailr runs. It was
impossible to completely gliminate alr leakage;,
nowever, the molecular weight was never l@ss than 38.7,
ranging up to 42.4. Ls in Plot IVB, in computation
it is assumed that the values of pressure gradient
over the whole length of the column given in Column 7
of the table can be treated as clay concentrations.
The significance of the results is seen in comparing
the COg slip with the air slip obtained in the same
apparatus, with the same brass tube and the same
clay, at operating condltions giving the same feed rate
and same concentration ip the column. At the low
alr velocity, the COz sllip averages definitely higher
than the correspending air slip, which was obtained
by reading off the air velocity equivalent to the same
clay concentration and feed rate from plot IV-E.
At the intermediate velocity, all air slips were higher
than the corresponcing CCgz slips. but unfortunately,
all these measurements were made at feed rates %too low
te sedure maximum accuracy. At the highest COg
velocity it is unfortunate that the clay concentrations
and feed rates correspond to points outside the range
of IVB. However, from the last two of these
measurements, which probalbly represent the most dependable

data obtained on COg, the alr silp is definitely bedow

P
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the correspondin. CCz slipn. furthermere, the percenta

difference in these last two runs i1s just about equal

tc that by which the viscesity of COz is lessthan

that of ailr £11 measurements at high feed rates,
cerresponding te the most dependable conditions of

measurenent, show air slips less than YUz slips.

In other words, these data confirm the conclusion that

#ha rate of slip at given clay feed rate and ccucen-

tration is inversely proportional tc the gas viscosity.

SLIFS AT HIGH AIR VELOCITY.

If one will restrict ones-zelf tc conditicns cf
reascnably high feed rate, and hizh gas velccllty where
segregation is certainly small, cne can e: trauolaue
the corresponding portions of the curves of VIIBE down
to ths 45° line and find a corrssponding slip, So,
which may be lcoked upon as the hypothetical slip for
a zerc feed rate, but no segregation. This sliip is,
of course, a function of concentration only, wihich,
as elsewlhere, wili be cconsidered as egulvalent to
pressure gradient. The relation is given in Plot XIB
which, bowever, is really constructed, not from the
intercepbs of VIIBE but from the high velocity data
to malke them check reascuably. At actual feed rates
and correspondingly higher air velccltles the slip
is, cof course, greater. hlu increase in slip
should be that of translation or pumping and should

be proportional to the energy of translation,




leee, S8-55 ¢ B VC « It is found, however, that this

increased slip due to pumping ot the same concentration

[N

S meore cr less proportional to the square c¢f the
air velceclty 1lnstead of the clay velocity. The constant
of proportionality is aporoximately €.052.  This

)

means that the actual slip at a givem concentration is

e

5, + 0.082 Va2° The correspending clay velocity is
Vg minus this slip,.since the feed rate is equal to

clay concentration, C, times clay velcclty. This means

i

that fecd rate should bs F = G (V -8 -0.052 va'o'),' where
So 1s given by the adjoining plct as a function of the
concentration., Clearly, at a given concentration znd

air velocity one can immediately compute the feed rate,
The results of the use of this formula are compared

with the ezxzperimental data”inithe columns of the following
table. It Is here sesen that very good agroeement with

the data are obtained in the region of high air velccity

where elutriation is negligible.
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TABLE S Foale. =
’ 2
Runs Fobe. v, AP/AL s, AP/AL(Va-Sﬁ-.Oﬁz v,")
242-244 171 3.12 7.4 2.44 76
245-2478 783 3.12 10.3 1.60 625
249 1970 3.12 15.8 .51 1990
251-2528 307 3.12 8.77 2,0 320
253 22 3.12 8.36 2,92 neg.
254=2556t 269 3.12 11.7 1.30 920
258,260 - 141 2.13 9.98 1.88 126
259 539 2.13 11,7 1,30 414
261 - 18 2.13 6,88 2,68 neg.,
262 58 2,13 8.95 1,94 neg,
264 970 2.13 14,45 75 o287
N 265/ 370 2.13 11,7 1.30 414
267-268U 1030 2.13 15.8 .51 1310
269 35 1.07 15.1 .34 333
270 22 1,07 16,18 .46 833
272 175 1.07 16.85 . 36 657
273 390 1,07 17,556 .26 790
274 232 1.07 18.5% .12 920
275 178 4,23 - 4,47 3,82 neg.
276 224 5.92 6,12 3,0 45
‘ 278 1285 5.92 11.7 1,30 1280
g[ 279 2040 3.92 14,45 «75 2050
25=27¢ 182 5,0 4,4 3.85 neg.
35=-37,3%e 2400 5.0 13,7 .90 2300
94,95,97,98 491 5.0 6,94 2,64 441
114-118 1395 7.8 6.94 2,64 831
119-123 1940 7.8 g,62 2,02 1350
124-129 3050 7.8 12,856 1,06 2760
139-142 2210 10 6,293 2,64 900
148-180 2670 2.5 15.38 .59 1460
151182 372 2.5 10.5 1.60 352
Runs 269=-274, incluslve, are in brass tube,
1 Belation does no%t hold below 2 fi/seec,




CONCLUSICONS

It is concluded from the results of this thesis
that, when a fluld-fine par t cle mixture is transported
in a vertical tube, the flow characteristics of this
! operation can‘be correlated by relationships between

fluid velociby, solid concentration, solid transport
rate, pressure drop over the height of the column,
and the relative fluid veloecity, 1.2., slip.

The average pressure drop per foct of height
over the heirht of the column is substantially
equai to the average ccncentratlion of the solid in
the mixture.

The average pressure d4drop at the bottom
of the column is greater than the average pressure
drop over the entire column, the result of a

varometric® effect.

The best correlations of the data on the
flow condition variables are curves of concentration
vs. feed rate at constant gas velcocity. These
curves con;irm those presented by Chambers {23
These results obtained on a 100 inch column when
compared with those of Chambers ohtained on a column

: of 67 inches height indicate a possible correlation

betwesn the other variables and column height.
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A correlation of the data involving the variable,
slip glves the best insiéht into the mechanism of
sollid transport. Slip is defined as the relative
velocity of the fluid with reapect to the solid and is
expressed as S = V_-V,, wnere Vy is fluid velocity
and Ve 1s solid velocity.

Blutriation or fracticnation of the solid
occurs’gt low gas velocitles, high concentration, and
low’E;ed rates. This chénges the sige disﬁribution
of the solid present in the column and changes the
floﬁ charscteristics from these found at higher
" feed rates and higher gas velccities. If it were
possible to transport a powder of absolutely uniform
particle size it 1is almost certain that the flow
characteriétics at low feed rates would be similar
to those at high feed rates where elutriation is now
of no consequence.

The density of the transporting gas under
the covnditions here investigated has no observable
effect on the floﬁ variables. The slip, however, -aé
is proportional to the. viscosity of the transporting Lﬂﬁ”ﬁy&x 7 '
fluid. Because of this, the curves presented .
for air and clay can be used for any gas an@m%%%y(.
by allowing for the fact that at identical values
of concentration and feed rate, the slip for any gas

will be inﬁersely proportional to the viscosity of

the gas relative to that of air at room temperatures,




A relationship has been developed which allows the
feed rate to be calculated from concenﬁration and air
velocity. The relationships gives remarkable checks
of the data at high feed rates and high air velocity

“where élutriation or segregation are not pronounced.
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RECOMIMENDATIONS
/

Tt is recommended that further werk be done with
the exieting spparatus using solids of different density,
size, and size distribution. This should enable the de-
termination of the effect of these physical properties
of the solid on the flow characteristics. When these
solids are used, gas other than air should alsc be used
to check the results of this work on clay. 0f practical
interest, a golid in the extremely small particle range
. would be Portland Cement.

It is precommended that the height and diameter of
“the column be changed to study the effect of those Va-
rigbles on the flow characteristic relationships.

Wmen sufficient data are obteined involving all of
ﬁhese variables, the correlation by a type of Reynolds

(2) -
ghould be attempted.

_number suggested by Chambers
It the apparatus 1ls rebuilt the gas-solid geparator
should be changed to a cylindrical bag filter of the con-
ventional type, thus reducing the volume of the filter
fyom that used in this apparatus.
Stuéy should be made of the solid feeding device,
While the one used in this apparatus ig satisfactory for

the feéd~rates employed, it tends to give difficulties
at extremely high feed rates.
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TABLE I. SERIES A.

Vertical glass tube column - air-clay ruas

Nomeneclature

A - Time; minutes A

B - Air velocity; ft./sec. Va

C = AP across 99 ianches of column; cn, of Hg.

D = TFeed weight; 1bs.

E - AP across bottom 37 inches of column; in, of H,0

F = Weight of clay in colwmn; grams
3
G - Concentration; 1lbs./ft. = (F)/19,98
Symbol C

v H - Column AP, 99 in.; lbs. per ft.2 per ft. of height
(#/£t.,3) = 3.38 x (Q)

4
i

Column AP, 37 in.; lbs. per ft.2 per ft. of height
(1be./ft;5) = 1.69 x (E) |

J = Teed rate; lbs. per min.per éq.ft.

= (D)/0.00525 x (A) Symbol F
K -~ Clay veloclty; ft. per sec.

= (J1/60 x (@) v
L - 8lip; ft.per sec. = (B) - {K)
Symbol S =V =V

-

M - Goﬁments
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TABLE I. SERIZS 3.

M O a W

o

G

Vertlcal brass tube column - alr-clay runs

Nomenclature

Time; minutes

Alr velocity; ft.per sec, Va

AP across 97,25 lnches of column; cm., of Hg.

Feed weight; 1bs,

AP acrcss bottom 40 inckes of column; in. of H20

Welght of c¢lay in coiumn; 2rams |

Concentration; 1lbs. per £t.° = (F)/21.25
Symbol C

Column &P, 97,25 in.; 1lbs.per ft.2 per ft. of height
(1bs./ft.9) = 3.44 x (0) |

Column AP, 40 in.; lbs. per ft.2 per ft. of heilght
(1be./ft.3) = 1.56 x (E)

~Feed rate; 1bs. per min. per sq, ft,

= (D) /0.005575 x (4) Symbol F
Clay velocity; ft. per seec. |

= (J)/60 x (@) Symbol v,
Slip; ft. per sec. = (B) - (K)

3, 1 - -— y
Synbol S Va ¥c

Comments
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TABLE I, O, RUNS

7

Vertical brass tube column - CO5 - clay runs

Nomenclature
A - ime; minutes
B - (@as velocity; ft.per sec. Symbol VS
¢ - AP across 97.25 inches of column; cm, of Hg.
D -~ Feed weight; lbs.
i E - AP across bottom 40 inches of column; in, of HQO
F - Welght of clay in column; grams |
G - Concentration; 1lbs. per ft.5 = (F)/21.25 Symbol C
H

- Column AP, 97.25 in.; 1lbs. per £t.° per ©t., of height
(1bs./ft.0) = 3.44 x (C)

I - Column AP, 40 in.; lbs. per ft.° per ft. of height
(1bs./ft.5) = 1.56 x (E)

J = TFeed rate; lbs. per min, per sq.ft,
= (D)/0.,005575 x (A) Symbol F

K - Clay velocity; ft. per sec.
= (J)/80 x (@) Symbol V

N = Mlolecular weight of gas in system

M = Comments
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TABLE I, SERIES ©
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- Vertical brass tube column - H =~ clay runs

2

Nomenclature

Time; minutes

Gag velocity; ft.per sec. Symbol Vy

AP acrogs 97.25 inches of column; cm., of Hg.

Peed weilght; 1lbs.

AP across bottom 40 inches of column; in of HBO

Welght of clay 1n column; grams

Concentration; lbs. per ft.s = (F)/21.,25 Symbol C

Column AP 97.25 in.; 1lbs. per ft.2 per ft. of height
(1bs./ft.%) = 3.44 x (C)

Column AP 40 in.; lbs. per ft.° per ft. of height
(1bg./ft.5) = 1.56 x (E)

Feed rate; lbs. per min., per sq.ft.
= (D)/0.005575 x (&) Symbol F

Clay velocity; ft.pexr sec.
= (J)/80 x (@) Symbol V_

olecular welght of gas in system

Commentsa
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CALCULATIONS - GIASS TURR
SERIES A
1. Volume of Tube (cu.ft.) =

length (in.) x diameter (in.) x =

e o o e e o e e e e e e e v o e = e e e e e = e = o e

12 x 144 x 4

2
20,13 x 0,972 x ™

———————— [, = 0.00864
2 x 144 x 4
357 X 1,02 x 1
.................. = 0.01803
' 12 x 144 x 4
; 3.67 x 0.993% 1
; e = 0.C0164
L 12 x 144 x 4
X 2
34,25 x 0,965 x 7
. e ———————————— = 0.01450
: 12 x 144 x 4
I 2
: 2.87 x 0,99 x : .
L T e ————— e e e o = - 0,00119
12 x 144 x 4 Total = 0.04400 cu.ft.

2. Height of Glass Tube = 160.63 inches.,
3. Average cross-sectional area'o;-Glass Tube .

- Volume C.C44C0 x 12 ‘
mememmmeeeeS eeeeoeeeoo. = 0,00525 sq.ft.

. 4. Average inside diameter

, C.C0525 x 144 x 4
= e e —— e = 0.S82 inches,
: e




SAMPLE CALCULATIONS

1. Weight in grams of clay in column to lbs./cu.ft.
wt. in grams wt. in granms |
454 x 0.044 119.98
2. Feed weight to feed rate lbs./min. x sq.ft.
wt. in 1bs.

0.C0525 x min,

%. Pressure drop to lbs./sq.ft. x ft. of column helght.
(a) 37 Inch AP inches of HgO
25.4 14,7 144x12
AP in Hg0 X ----- X —wmem- X meeeea- = 1.69 AP(#/ft.°)
13.6 760 37
(b) 99" AP cm. Hg.
14.7  l44xl2 s
= AP X ce--- X === = 3,38 AP (#/f'bo )o
4. Concentration (#/ft.%)

Weight of clay 1in column in grams to #/56.°

Wt. in grams wt. grams

454xC,044 19.98

5. Clay velocity (ft./sec.)

Feed rate # 5.2 1
-------------- = (""--"--"--)(--""-) ——— = ft-,SGCQ
Concentration min.xft,2 # 60
Feed Rate

60 x concentration

&4



CALCULATIONS - BRASS TUBE

SERIES B
Diameter 1.Cll inches 1i.d.
Lengtir brass tube 90.25 inches.
Sight glass tube 1.032 inches 1.d.

Length glass tube 10.25 inches.

2
1.011xw
Cross sectional area of brass tube = =-=w---- = 0,0056875 sq.ft.
) 144x4
1.C11% x m x 90,25
Volume brass tube = =ceecmmecoccomcnaa= = 0,C419 cu.ft.
: 4 x 144 x 12
1.032 “xmx10.25

Volume sight glass = —--e-emm—ceeaa-- = 0.C0496 cu.ft.

4x144x12 0,046E86 cu.ft.

Distance from bottom pressure tap to toep = 97.25 inches.

<}
Weight of clay in grams %to concentration, 1bs./ft.

454 x 0,04686 21.25

Feed weight to feed rate; lbs./min. x sq.ft.

C.00587 x min.

AP across 40 inches of column in inches of water to lbs./ft.®

AP x 2.54 x 14.7 x 144 x 12

R e L L T L L LD Ty = 1,56 AP
13.6 x 76 x 40
3

AP across 97.25 inches of column in c.m. of Hg/ to 1lbs./ft.

AP x 14.7 x 144 x 12

_________________________ = 3.44 AP
76 x 97 .25 ‘




CHECK OF GAS DENSITY

Mixture of H, and Air in Apparatus

vMethod: A 530 é.c. glass bulb, the volume measured
by filling with water, was evacuated by an air aspirator
to 23 m.m. of Hg. The bulb was then filled with gas
from the system, closed; anéd again evacuated to 23vm.m.
of Hg. The bulb wes agailn filled with the gas from the
system, closed, placed in a small wire carriage, wiped
free of dust, and placed in a desicator for one—haif
hour, It was then removed and weighed, The flask was
then evacuated to 23 m.m. of Hg. placed in the desicator

for one-half hour, removed, and weighed,

Wt. of gas and bulb = 92,1431
Wt. of gas and bulb at 23 m.m. = 92.0091
Wt. of gas added =  0.1340

Volume of bulb corrected for presence of gas not re-

moved 530 X 23 = 16.6 Cc.C.
737
Vol. = 530 -« 16.6 = 513.4 c.c.

Therefore the molecular weight of the gas 1ls

0.134 x_22.4 =
0.5134 5.85

The gas analysis before the taking of the weighed sample
previously described was

0 = 3.07%
e ' %

A
(&
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Therefore Air = 3 X 100 _ 14,3
21
H = 85.7
5 80.17
100,0
Molecular weight = (14.3 x 28.8) + (85,7 x 2) = 5,83

Molecular welight
1, By density = 05.85
2, Gas analysls = 5.83

It is to be noted that there was considerable bubble for-
mation in the pyrogallol used for zbsorption cof the oxygen,
It 1ls believed that a maximum error of 0.2 c.c.’invoxygen

analysis 1s possible, This means that the alr determina-

tion may be off by + 1%.
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