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- Fluidized Conveying of Seed .

By N. Xioserr BRANDENEURG and Jessr B, Hanrdionp, agricultural enginecrs,
Agricultural Engincering Rescarch Division, Ajriculiural Research Service

SUMMARY

Seed-processing resenrch has been conducted since 1954 at
Corvallis, Oreg., by the Agricuitural Engineering Research Divi-
sion of the U.g. Department of Agriculture in cooperation with the
Oregon Agricultural Experiment Station at Oregon State University.
Efforts have been directed toward improved operation of existing
equipment and the evolution of new techniques or machinery for
improving efficiency in seed processing.

he investigation reported here deals with the seed-handling phase
of processing and describes the development, testing, and potential of
a special pneutnatic system called dense-phase or fluidized conveying.
Seed movement in this operation consists of aerated seed slugs that
form, move, dissipate, and re-form in a cyclical manner throughout
the pipe run. The slugs show a high degree of mobility or fluidity.

According to the literature, dense-phase transport of solids has
received little or no attention. However, it offers several unique ad-
vantages for seed handling. Easily damaged seed can be transported
at low velocities without lTowel:'ing germination; small-diameter con-
veying lines can be employed to provide simple, flexible installntions;
and exeellent cleanout is possible since remaining seed can be purged
from the run by increased nirflow.

Dense-phase transport of crimson clover was evaluated in a 56-
foot run of 1%-inch diameter tubing by operating at different
cnpacity levels and determining such performance data as pressure,

ower, air volume, air velocity, seed ve?ocity, solid-nir ratio, und seed

amage. These factors were compared fo their counterparts in
lean-phase transport (typical pnewmatic conveying) conducted in
the same system.

It was found that the ordinary concepts of fluid flow are not
divectly applicable to dense-phase conveying, probably because this
form of materinl transport is classified best 1n a region between true
fluid flow and movement of a solid. {As an example, the average
pressure drop per foot of conveying run decreases with increase in
conveying capacity.)

Auxitiary airflow bypassing the airtock proved very important,
In » special study where conveying capacityv was held constant,
pressure and power requirements were reduced about 50 percent with
mncreased amonnts of auxitiary nir.  However, seed velocity increnses
under these conditions, which could be a limiting factor with easil)
damaged seed.

1
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A special formula based on seed germination measures was devised
to rate severity of the clover-conveying trinls even though no damage,
as such, was evident. Computed severity indexes reveal that seventy
was less for dense-phase than for lean-phase conveying and only
slightly greater than for controls {not conveyed).

1 clover transported in this system showed greater normal
germination than controls ’ecsuse hard seeds were stimulated into
germination. Total germination (normal-plus-hard seed) was es-
sentizlly unchanged.

Additional damage trials with beans showed that damuge increased
with seed velocity In the lian-phase trials but that all measures of
damage for the dense-phase condition studied were either lower
than or near the minimum values for the leun-phase runge examined.

Generally speaking, fluidized or demse-phase transport as defined
here seems entirely feasible for conveying free-flowing seeds at low
velocity through flexible, small-pipe systems without damage.

INTRODUCTION
Seed Handling

Handling of seed during cleaning, treating, and storing is a major
part of seed processing. Seed may be handled as few as'three times
In a one-machine, farm seed-cleaning plant or more than a dozen times
in plants equipped with a full line o? processing and tresting equip-
meni. Generally, seed is handled less in multistory buildings than in
single-story buildings. In the former, seed is elevated to storage bins
located high above the ground so the seed can flow by gravity through
several machines placed in series below the bins. In single-story
buildings, seed must be elevated ench time it passes through a machine.

Requirements for efficient seed handling vary with the type of
cperation and seed purity, but in all seed processing—and particularly
certified seed-—it is important to have a system that will elevate and
convey seed without damuage and mixing, that can be cleaned and
inspected easily between lots, and that has suitable capacity to it into
& processing sequence.

The seed mdustry uses many methods of seed handling, which range
from handling sacks by hand to automatic pushbutton-controlled
preumatic systems. Handling methods genera]iy used can be divided
mto two classes: (1) mechanical and (2) pneumatic. Mechanical
operations include manually handling sacks and moving with a hand-
truck, mechanical conveying equipment such as serew augers, belts,
bucket elevators, and forklift trucks with pallets or tote boxes.
Preumatic operations include various systems operating above or
below atmospheric pressure.

A good feature of mechanical conveyors is the relatively low power
required for operation. The chief objection to many mechanical
untts is their inability to be cleaned thoroughly between seed lots,
which may cause mixing or contamination of seeds. This is a serious
matter when the seed being handled has strict purity requirements as
do certified seed and seed specially bred for disense resistance, insect
resistance, and high yield.

Properly designed pneumatic systems offer the advantage of easy,
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effective clearout befween lots since pneumatic systems can be purged
with air as needed. However, a disadvantage of pneumatic convey-
ing is damage to some seeds caused by their striking conveying pipe
. elbows and cyclones while traveling at the high velocity required to
convey the seeds in the airstream.

The Fluidizing Process

In an effort to find a handling method that would prevent seed
damage and mixing, & survey was made of conveying systems used in
other industries. A pneumatic system called fluidized -conveying
employed by the flour, cement, cernmic, and chemical industries
offered encouraging possibilities. Reportedly, this system moved
fine particles in a fluidized state at low velocity with high solid-to-air
ratios. In this sense, fluidized refers to a mass of solid particies
permented with air und showing fluidlike properties.

The phenomenon of a fluidized bed can g! demonstrated readily
with a small container having & porous membranc at the bottom.
When air is introduced through the bottom, a contained mnss of solid
particles expands and acts, to » large extent, like » liquid. The upper
surface becomes level, air bubbles rise through the particles and burst,
and the fluidized bed permits objects to sink that would remain on
the surface without neration of the mass.

Many references in the literature point out that the main use of
fluidizing has been in the field of chemical engineering, particularly
in petroleum-cracking processes to obtain gusoline and other products
(8,13,20,37).* TIts value here is to provide fluidized beds of catalyst,
which accelerate ehemical reactions, improve heat-transfer properties
between oil vapor and catalyst, and yield uniform tempernture distri-
bution in the process. Outside the petroleum industry, the fluid-bed
technique has been used to good advantage in many fields such as
roasting ores and calcining limestone (74, p. 14), drying wheat (23,
p. 625), dryin%) easily damaged potato granules (26, p. £52), and
feeding fissionable fuel in lmc%:ar reactors (37, p. 41). .

The application of fluidizing to pneumatic transport of materials
has recetved less attention and has been restricted primarily to finely
ground particles like powders. Within the cracking units, fluidized
catalyst is recivculated fromn regenerator to reactor (14, p. 71). In
the ceramics industry, fluidized clay has been transported at solid-air
ratios of 100:1 (79, p. 367), and a British system reports fluidized
conveying of powders and chemicals in a bateh process over long
distances (10, p. 187). Powdered conl was moved at solid-air ratios
of 200: 1 through a 58-foot run (2, p. 7838), and some flour-conveying
systems employed a type of fluidized transport (38, p. 80). Fluidized
conveying of wheat has been reported, bnt air velocities employed
were Teiatively high—near that required for conventional conveying
(22, p.349).

A specinl use of flnidizing in material transport employs an air
chumber and porous membrane, like canvas, as the bottom of a con-
veying trough tilted slifht]\; from the horizontal. Air passing up

1

through the membrane f iidizes the product, which ihen flows down-
hill by gravity (£0,p.79).

' [talic numbers in parentheses refer to Sclected References, p. 40.
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Sinca most of the published fluidization work and applications
deal with materials of small particle size, tests with seeds were under-
taken by the U.S. Department of Agriculture in cooperation with the
Oregon Agricultural Experiment Station. Results have shown gen-
erally that course products like agricultural seeds can be fluidized,
but not as effectively as powders. Also, a pneumatic transport sys-
tent for seeds has been developed that shows characteristics of fluidized
conveying; namely, low solids velocity, high sclid-nir ratio, and a
flowing seed mass that possesses a Inrge degree of mobility or fuidity.

Many seed-conveying trials were conducted in small-dirmeter pipes
(3%, 1, arvl 184 inches), but all can be classified as either dense-phase
or lean-phase conveying. In dense-phase trials, the seed flows at o
low velocity in a loosely compacted, rerated mass that fally occupies
the pipe in some parts of the run and moves in recurrent slug form
in other parts. Seed movement in lean-phase trials is similar to ordi-
nary pneumatic transport of solids; that. is, nir and seed velocities are
relatively high, and concentration of seed in the airstream is low.’

According {o the literature, pneumatic transport of solids in the
dense phase as defined here has received little or no attention. In
fact, the onset of “slugging™ or blocking in transport lines usually
is cause for concern sinee it defines n limiting condition for most pneu-
matic conveying. Figure 1 illustrates the narrow working range
between blocknge and damage, ns discussed by Segler (31, p. 71),
which is a limitrtion of ordinary pneumatic conveying, In contrast,
the dense-phase conveying reported here not only opens up much of
the so-called blocknge aren for transport purposes but also locates
the operation in a region of the graph further removed from damage.

Scope of This Investigation

"Chis investigation consisted of the design, construction, and test
evituation of a pnenmistic seed conveyor that would—

1. Convey easily injured seed at a relatively low velocity without
damage.

2. Be capable of easy and thorough cleanout.

3. Possess conveying capacity great enough to supply seed-
processing machines,

4. Offer continuous rather than batch flow,

5. Provide simple, flexible transport runs.

6. Eliminate need for cyclones at end of vun.

Fhiidized or dense-phase transport of seed appeared to meet all
these requirements; therefore, if. was studied in some detail. Engi-
neering performance data were obtnined, first to evaluate the seed-
handling potentinl of snch a system, nnd second to form a basis for
mnking design recommendations for other similar systems. In most
cases, companion trinls of Tean-phase transport were conducted in the
same systemn for comparison. The results have been used to establish
the interrelutions of capacity, power requirement, nir pressure, airflow,
seed velocity, solid-nir ratio, and seed dnmage,
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AREAS
[ JBlockage

BB Working
Domage

CONVEYING CAPACITY (THOUS. LB./HR.}

] : ]
2 3 4 5
AIR VELOCITY (THOUS. FT./MIN.)

Fraure 1.—The safe working area in ordinary pneumatic conveying. From
Segler (31, p. 71}.

EQUIPMENT AND MATERIALS
Air and Power Supply

Conveying air wus supplied by a rotary, positive-displacement
biower. Typically, blowers of this type deliver a low volume output
aguinst relatively high pressures; compured to centrifugal and pro-
pelter fans, blower output varies only slightly with pressure change.
‘The unit employed showed a rating of 42 c.f.m. at T p.s.i.g. when oper-
ating at 1,200 r.p.m.

Since it was unportant that air supply be constant in replicated
frinls, biower speed was measured by stroboscope nnd tachometer and
controlled with 1 variable sheave fransnission.

The blower was driven with “I3” section belts by a 5-h.p., 220-volt
electric motor. .\ctual power requirements {or the blower drive were
determined with an industrial analyzer, which measured electrical
power with a polyphase wattmeter,

Conveying uir }rom the blower was divided and supplied to the
{ransport. vun through fwo lines, as shown in figure 2. The main line
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FLUIDIZED CONVEYING OF SEED 7

led to the airlock and consisted of 1%4-inch pipe in which a check
valve was located to-prevent any seed backup into the blower. An
auxiliary line composed of 3;-inch rubber hose bypassed the airlock
and supplied air to the conveying line through a rotameter at a point
3 feet downstream from the airlock. A 34-inch gate valve was located
in the auxiliary line to control air flow and was equipped with a eir-
cular scale to show the opening of the valve shaft in degrees,

Seed Supply and Transport

Seed was supplied to the conveying line by a rotary airlock (some-
times called a star feeder). An airlock or some other type of air-
sealing unit is needed when a product is to be introduced continuously
into relatively high-pressure atmosphere. Various schemes are used
to accomplish this kind of solids feading (27), but rotary airlocks
probably are most cominon because they are simple, readily available,
and effective at pressure differentials up to 10 p.s.i. Al airlocks leak
some nir in operation because of neeessary clearances between rotor
and housing and because each compartment traps and exhausts high-
pressure air. The unit in this study had 12 vanes and was of “blow-
through® construction where the supply air passes through the bottom
section of the lock. With the use of n speed reducer, the airlock rota-
tion was fixed at 42 r.p.m, for all trials,

In dense-phase conveying, a hopper feeding the airlock was kept full
so that the seed head was reasonably constant and so that ample seed
stock was available for the characteristic surge cycling typical of
feeding as well as actual transport. In lean-phase conveying, the

hopger discharge was metered to the airlock as a means of regulating

selid-air ratio.

The conveying rn was 56 feet of 194-inch aluminum tubing includ-
ing four 90° elbows of 12-inch radius. At five points in the run, short
sections of glass tubing were inserted to provide visibility, as shown
i? figure 8. All joints were butted and held by radiator hose and
clamps.

Air Measurement

Velocity and volume measurements of the conveying air required
specinl techniques becanse air movement. through the system was rela-
tively slow and pulsating.

Air velocity was determined at the outlet of the seed ccilector after
seed had dropped from the airstream. A propeller anemometer was
used to measure pulsating airflow because it provided a cumulative
reading over the test period from which an average figure conld be
computed. Inaccuracy of the anemometer that might be expected at
low readings was minimized by recalibrating it several times agninst
a sensitive heated-thermocouple unit in low-velocity air movement.

Alir velocity at the collector outlet was used to compute the total
volume of air actually transporting the seed. This air volume also
provided a means of computing air veloeity in the 134-inch transport
line which could not be measured directly because of entrained seed.
{Air volume and velocity are based on gross pipe areas.)

737638 0—64——2
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Fieugre 3.—USDA fluidized seed conveyor, showing blow-through rotary airlock,
auxillary nir introduction, and part of the a6-foot run of 185-inch transport live.
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The portion of the total conveying sir that was supplied through
the auxilinry nir line was mensured by using a rotameter equipped
with a linear scale. A large-capncity unit was employed to minimize
the amplitude of float cycling due to pulsating flow. Since rotameter
readings tend to be high under these conditions, the rotameter wus
calibrated against the heated thermocouple and slso against the pro-
peller anemometer in pulsating flow {1, p. 8).

réssure gnge and a thermometer were used to determine air char-
acteristics at the rotameter and system discharge so that airflow
measurements could be corrected to standerd pressure-temperature
conditions and thereby be compared sensibly. All air volumes are
reported as standard cubic feet per minute (s.c.f.m.}.

A sling psychrometer was usec{) to determine ambient air conditions.

Conveying Capacity and Materials Transported

To determine conveying cnpacity, seed transported in a measurad
time interval was collected and weighed to the nearest tenth of a pound
on a small platform scale.

Most of the conveying tests were conducted with a ki h-quality lot
of crimson clover that, showed an initinl germination og 93.2 percent.
High germination was desirable because this wonld indicate a Yot that
was uniform and that should show damage readily. Additional seed
damage trinls were conducted with navy beans (Cnlifornia Small
Whites) that had an initinl germination of 93.8 percent. QOther types
of seed handled in brief conveying trials were lotus, red clover, vetch,
beets, parsnips, Altn fescue, peas, and large garden beans. Peas and
lentils for foodstuffs nlso were tmnsporte%l.

Seed Damage

In a study of seed damage, fractions of the high-quality lots were
dyed, mixed with carrier seed for conveying trials, and transported to
the collector. The seed lot then was cup sampled us it, was run out of
the collector and was reduced further in a cha y grass splitter to about
one-fourth pound. All dyed seeds (whole and pieces) were removed
from this quantity by hand and weighed by analytical balance. Seed
germination tests were conducted in high-humidity eabinets with
temperature contrel,

PROCEDURE

Test procedures were prepared and followed for dense-phase con-
veying trials, lean-phase conveyin trials, constant capacity tests, seed
velocity determinations, and seed damage evaluations. Three men
composed the test crew. Two were stationed at the feed end of the
system (ground level), one wns located at the discharge of the run
(third floor), and comnunication was maintained by intercoms.

Dense-Phase Conveying

Seed transport in the dense phase was obtuined by providing a stock-
pile of seed in the hopper feeding the airlock so that seed was available
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as needed for the surge flow t.ygica_l of this operation. Four levels of
conveying capacity were provided by varying the valve setting in the
auxiliary air line, and four or six replicated trials were carried out at
each capacity level. Blower speeds were brought to 1,100 r.p.m. (un:
loaded) before each run. Ttems measured during the run were seed
transported, time of run, electrical-power consumption, line air pres-
sure, air velocity at the collector discharge, auxiliary air valve opening,
and auxilisry surflow. These quantities were used to compute convey-
ing capacity; horsepower; velocity, volume, and weight of conveying
air; solid-air ratio; and percentage of total conveying air that was
auxiliary,
Lean-Phdse Conveying

The procedure for lean-phase trials was similar to that for dense-
phase except that the different levels of conveying capacity were cb-
tained by varying the rate of introducing seed to the system, and no
auxiliary aiv was used, Four replicated frials were conducted at each
capacity level, and blower speeds were standardized at 1400 r.p.m.
{unloaded) before each run.

Constaut Capacity, Variable Air Tests

A special study of dense-phase conveying was conducted where dif-
fevent airflow rates were employed while capacity was held constant
at 1,300 (£65) pounds per Iimur. Blower speeds and auxiliary air
valve settings were adjusted to provide different auxiliary airflow
rates s indicated by the rotameter. Four replicated trials were carried
out at each condition of airflow, and the same readings were made as
described in the prozedure for dense-phase conveying.

Seed Velocity Determinations

Average seed velocity in the conveying line was determined by a pro-
cedure outlined by Segler (37, p. 759), which requires knowle %e only
of conveying capucity and the seed weight per foot of run. T
a simple mathematical relation:

V,=WQ—, where V,=seed velocity, in feet per minute
L C==conveying capacity, in pounds per minute
ying capacity, 1
Wo=seed weight per foot of run, in pounds per
foot

Also, WL-——% where W= total seed weight in run, in pounds
Li=length of run, in feet

CL '
SO, V;=-“—P-T

Conveying capacity was determined by measuring time and weigh-
ing transported seed in each trial; length of run was fixed in all trials
at 56 feet. 'The total weight of seed in the line at any instant was
found by abruptly diverting the supply air to atmosphere through
u special relief valve, and then collecting and weighing the seed thus
deposited in the line,

en, by
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Seed Damage Evaluations

Seed damage tests for crimson clover were carried out in conjunc-
tion with the dense- and lean-phase conveying trials, and separate
damage tests were conducted for beans.

Clover test lots were made up so that about 10 percent of the con-
veyed stock was dyed, high-germination seed. At a given capacity
level, three replications were obtained with the same carrier lot by
adding red seed first, then green, and finally violet. After the first
replicated trinl, the transported lot was sampled and red seed extracted
s described earlier. Green seed then was added for the second repli-
cation and extracted for analysis, as was violet seed for a third repli-
cation. This procedure was repeated for each of four capacity levels
in the dense-phase trials and four in the lean-phase trials, An analysis
of red sced remaining in the carrier lot after three replications made it
possible to determine the cumulative effect of repeat passes through
the system. .

No breakage was evident in these trinls with erimson clover; there-
fore, damage and conveying severity were evaluated only in terms of
seed germination,

An additional damage study “was conducted with beans where de-
liberate efforts were made to Induce seed damage at some operating
levels. Air velocity was varted from low to the highest possible in
this system, feed rate was low, and a metal impact plate was fixed in
the collector so that all beans struck it. The same scheme, blendin
a small quantity of dyed, high-germination seed with a carrier lot an
then extracting the colored seed for evaluating damage, was used.
One condition of dense-phase and five conditions of lean-phase con.
veying were examined, and each condition was replicated twice,
Transported lots were cup sampled and then split further on the
chafly grass divider. About 500 colored beans and fragments were
analyzed finally for breakage and germination.

Seed samples were taken before conveying, nfter passage through
the airlock, and after the complete conveying process, in an effort to
measure the portions of the total damage due to airlock action and to
actual transport.

RESULTS AND DISCUSSION
Dense-Phase Operation

Dense-phase conveying vesults for crimson clover are sununarized
in table 1, and illustrate how performance varied when the auxiliary
air valve was opened. As seen in figure 2, the auxiliary valve was
in an air line that bypassed the airlock, which allowed high-pressure
air to be supplied directly to the seed-conveying line.

Figure 4 presents some of the data for dense-phase conveying.
The capacity and atrflow trends are similar, showing an increase in
value with auxiliary air valve opening, A leveling-oit tendency indi-
cates that greater valve openings become increasingly less effective.
The pronounced likeness of the auxiliary and total air curves is
reasonable since at all test conditions auxiliary airflow represented
70 percent or more of the total airflow, (*Total” flow refers to air
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Tanrr 1—Results of dense-phase conveying tests with crimson clover at four capacity levels*

Conveying capacity S/A ratio Auxiliary air
Seed , Total (pounds seed Pres- Pres-
in Seed Power Air air i per minute: sure &t |sure drop
Pounds Pounds | system 2 | 'velocity velocity | volume ? pounds air | Valve .| Percent-| blower per
per-hour per : : per minute) | opening | age of | outlet foot 8
minute total ¢

Lb. per
Lb. p.m. . F. e.f.m. min. Degrees A P.s.i.g | Pis.i.g.

15. 9 , X 0. 38 7: 250 % 0. 138
11. 1 ’ . : j X .71 . 9: 320 ) 7 . 125
7.9 X A 1. 40 . 3: 450 6% 112
6.7 252 . 1. 77 6. 2: 720 5% .. 098

1 Averages of 4 to 6 replications. ¢ By volume, corrected to standard pressure-temperatire

3 Total seed in system at any instant. conditions.

$ Air doing the conveying; corrected to standard pressure- 5 Average linear pressure drop over whole run.
temperature-conditions.

FHAYINOINOV 40 “Iddd ‘S'a ‘0¢€1 NILITING TVIINHOEL
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dpilngkt})le actual conveying and does not include leakage through the
airlock,

Similar capacity trends might have been obtained if total air were
increased by means other than opening the auxiliary air valve. How-
ever, even though higher blower speed tended to increase blower out-
put, it also produced n greater pressure differential across the airlock
which, in turn, caused more ir leakage and feeding difficulties. Since
the airlock imposed limitations at the higher operating pressures, it
proved desirable to bypass a substantial amount of the air around the
airlock. This technique effectively lowered system- ressures, reduced
air leakage and power requirements, and improved eeding character-
istics—all without sacrifice in conveying capacity. Because of its
demonstrated importance, introduction of auxiliary air was studied
later in more detail. (See figs. 7and 8.)

1,80 3¢ d 2

Lopagity
1500

Tetal air

1200

Lol
o=

Air pressute
e}

4

o

CONVETING AIR {SCEM)

L]
x
o
[
L5
=
e
Sl
-y
-
)
F
-
v
-
[
-
(=

AIR PRESSURE {P51G)

l ! 1 I i 1 i [
106 200 ed 400 sge s0¢ 740 a0

AUKILIARY AIR YALYE OPENING {DEGREES)

Fioure 4.—Effect of auxillary air valve opening in denze-phase conveying of
crimson clover. Each point is an average of 4 or 6 replications.

Additional performance data for dense-phase conveying of crimson
clover are presented in figure 3. When capacity increased as shown,
air pressure and power requirement dropped, seed velocity Increased,
and solid-air mtio climbed to a maximum and then decreased. The
tendency for pressure to drop as capacity increased is noteworthy
because it departs from the usual pattern in pneumatic conveying.
{This phenomenon is discussed later in connection with fig. 8, and a
more complete power-capacity relation is shown in fig. 12))

Since an increase in air rate was associated with an increase in
capacity, it is reasonable that seed velocity, too, should increase as
indicated in figure 5. Actual values of seed velocity, however, are
relatively low—250 f.p.m. and below.

Solid-air calculations reflect the amownt. of solids handled per unif
amount of air. s used specifically in this study, the solid-air (S/A)
ratio indicates the pounds of seed per minute transported by 1 pound
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of air per minute. Since these are weight rates {constant mass flow},
the air component in any one test setup is unaffected by pressure and
temperature changes that occur as air moves from the high-pressure
region (blowcr output) to atmosphere (pipe discharge). Air weight
itself was caleulated by using the specific volume of air at the pipe
discharge which was essentially at standard conditions.
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Frouae 5—Some performance characteristics in dense-phase conveying
crimaon clover. Each point is an average of 4 or 6 replications.

The distinct hump in the $/A-ratio curve in figure 5 is likely due to
the fact that flow in the dense-phase trials began with a “slugged” or
packed pipe. At this time when the seed mass was very dense, a rela-
tively small movement of solids occurred at a given airflow mate.

Seed velocities are low, asshown.) This tends to produce a low S/A

gure, as indicated for the minimum-capacity trial. At a larger air-
fiow rate, the seed mass became less dense, or more fluidlike in its flow
properties, and the solids rate increased more proportionately than the
air rate, thus producing a greater S/A figure. At the higher capacity
levels, the dense-phase concept of seed transport in a mass is less apph-
cable because the “slugs” of seed are faster moving, more permerted
by air, and not as sharply defined. Resistance to airflow is lower, and
alr rates increase more readily than solids rates. This suggested inter-
rolation of solids and air rates is supported by the slopes of the capacity
and air curves in figure 4, where capacity appears to climb morse
sharply than air at first and also levels off more rapidly than air us
the auxiliary valve is opened more.

From a practical standpoint, figure 5 indicates that the best operat-
ing condition is at the highest cafmcity level examined, because power
requirements and pressures are least at this point. A possible limi-
tation here is velocity-damage considerations; however, these
velocities, a]thou(fh highest for the denze-phase transport, were not
great enough to damage the clover test lots. (Velocity-damage rela-
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tions for crimson clover, beans, and other seeds are discussed in a sepa-

rate section.)
Lean-Phase Operation

For direct comparison with dense-phase conveying, lean-phase trials
were carried out in the same system.  Lean-phase transport is similar
tc typical pneumatic conveyinf, particularly in terms of higher seed
velocities. Different capacity Jevels were obtained by varying the rate
of introducing seed to tﬁe system, and test results are summarized in
table2. No auxiliary air was used in these trials and blower speed was
held essentially constant. The only changes in air rate were those
caused by varying resistance to airflow that took place as seed-intro-
duction rates were changed.

Some of the data for the lean-phase trials are presented in figure
8, in which the same coordinates are used as in figure 5. A comparison
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FIGURE 6.—Some performance characteristies in lean-phase convering of crimson
clover. Each point is an average of 4 replications.

of the two plots shows opposite trends for pressure, power, and seed-
velocity curves. In the lean-phase transport (fig. 6), lpressure and
power increase with capacity, as might be expected.  The indicated
rise in S/A ratio also s logical because, as the sclids-flow rate in-
creased, the airflow rate decreased. This is different from dense-phase
transport. (figs. 4 and 5), where both solids rates and air rates in-
creased with capacity. (More information on pressnre variations and
airflow rates for lean-phase conveying is presented in figure 9. Also,
a power-capacity relation is shown in fig. 12.) .
Since the data in table 2 for lean-phase conveying were obtained
by starting with an arbitrary airflow and an uncharged system, the
137636 O—84——3




TasLe 2—Results of lean-phase conveying tests with orimson clover at four capacity levels*

Conveying capacity 8/A ratio
(pounds Pressure | Pressure
Seed in  Seed Power Air Total air Air seed per at drop
Pounds Pounds system? | velocity veloeity | volume? weight minute: blower per
per per - pounds air outlet foot ¢
hour minute per minute)
Lb. F.p.m. Hp. F.p.m. S.c.f.m. |Lb. per min. Pas.ig. P.a.ig.
1,125 oo 188 0. 48 2, 125 2.1 4, 400 63. 3 4. 64 4.1:1 1% 0. 034
2,225 __.__. 37.1 127 1, 585 2.4 3, 960 57.0 417 8.9:1 214 . 045
3,365 - __. 56. 1 2.40 1, 255 2,7 3, 640 52. 4 3.84 14.6:1 3% . 088
4,695 .- 78.3 4.16 1,015 3.2 3,265 47.0 3.45 22.7:1 A . 076
1 Averages of 4 replications. 3 Air doing the conveying; corrected to standard pressure-
2'Total seed in system at any instant. temperature conditions. )
+ Average linear pressure drop over whole run.
. ’ 2 < LS v Y Y e A 4 L ;
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measured air velocities at a given seed-introduction rate probably were
greater than needed simply to convey seed at that rate. For example,
air velocity dropped to 3,265 f.p.m. for the maximum-capacity trial,
but was still great enough to sustain seed movement. This points out
that lesser capacities also could have been accommodated at 3,265 f.p.m.
although measured air velocities for lower capacities were greater.
However, lean-phase operation at this low velocity was unstable, ap-
proaching the slugged condition of dense-phase operation. Seed
velocity in the lowest capacity trial was the highest observed for con-
veying clover (2,125 f.p.m.). A comparable figure for flnx seed at the
same capsacity was determined by Wood and Bailey (35, p. 153} to be
sbout 2,500 f£p.m. (An air-speed velocity relution is presented in
fig. 10.)

Dense-Phase Conveying at a Constant Capacity Level and
Variable Airflow Rates

Since adjustmert of the auxiliary air valve had proved critical in
dense-phase conveying, it was examined in a separate study which is
summarized in table 8. Capacity was held nearly constant at 1,500+
85 pounds per hour, and the auxiliary valve setting and blower speeds
were varied as needed to obtain n series of nuxilinry airflow rates.

The pressure curve {fig. 7) decreases logically with increases in
auxiliary air because the nir rate was increased by opening the auxiliary
valve and thereby lessening the restriction to airflow in this line.
The greater auxiliary flow fended to move seed out of the vertical
riser and to lower the total system resistance, thereby encouraging
more total airflow. (Total air is not shown in fig. 7, but it would
exhibit the same trend, essentially, as aunxiliary air, since auxiliary
air represented 70 percent or more of the total airflow in all trials.)

Seed velociry

Pressyre diop

Soi frnie ralio
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POWER REQUIREMENT [HP)
SEED VELOCITY (FFM)

2

AVERAGE PRESSURE DROPS [PSE PER Fi.)

] ; I
trat e i 1 i} T 19
AUXILARY CONYEYING AIR {SCFM)

SOLID-AIR RATIO [LB. SEED PER MIN./LB. AIR PER MIN.}

¥Fraure 7—Constant capacity, varinhle air travels (1,50065 pounds per hour)
in dense-phase conveying of crimson clover. Each point is an averige of 3
replications.




TasLe 3.—Results of dense-phase conveying tests with crimson clover at a constant capacity level and variable

agrflow rates?
Conveying ‘capacity S/A ratio Auxiliary air
Seed . Total (pounds seed Pres- Pres-
in Seed Air air Air per ‘minute: sure at |sure drop
Pounds Pounds | system ?| velocity velocity | volume ?| weight | pounds air | Valve | Percent-| blower per
per hour per per minute) | opening | age of | outlet | foot ®
: minute totel ¢
Lb. per , ~
' Lb. F.p.m. Hp. Fp.m. | S.c.fm.| min. Degrees | Pct. Paig. | Pas. lg
1,555 ... o 25.9 9.9 147 4.3 890 12.8 | 0.928 27.9:1 360 100 8}! 52
1,435. ... 24.0 8.5 158 ‘34| 1,250 18.0 | 1. 305 18. 4:1 450 87 (A
1,536, ... 25. 4 7.6 187 31 l 460 21.0| 1.522 16.7:1 540 88 6 107
1,485. . _.___ 24. 8 7.0 198 2.3 l 800 25.9 |  1.878 13.2:1 ® 78 4 . 072

! Averages of 4 replications.
1 Total seed in system at any mstant
1 Air doing the conveying; : corrected to standard pressure-
temperature conditions.

¢ By - volume,

condmons

wierage linear pressure drop over whole run.

¢ Fuu also, main supply restncted some.

corrected to stanﬂard pressure-temperature
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Less resistance to airflow meant smaller power requirements, as
shown in figure 7, and later in figure 11. Seed velocity increases
because total conveying air rate (and therefore air velocity) increases
as auxiliary air increases.

Solid-air ratios might be expected to drop with auxiliary air as
indicated because the solids-fiow rate remained nearly constant while
airflow ratesincreased.

The’'characteristic S-shape of the power, pressure, and S/A curves
can be explained, partially at least, by the fact that the actual convey-
ing capacity was not exactly the same for all tests. For example, In
the second trial actual capncity (at 15.6 s.c.f.m.) was less than 1,500
unds I?er hour, and in the third trial more than 1,500 pounds Eer
our. Figure 7 shows that in the S/A curve, to cite one case, a higher
second point and -Jower third point would have produced an S/A
plot more nearly linear with auxiiljinry air,

The general similarity in shape of the curves for power, pressure,
and S/A ratio suggests that power and pressure values for n test
condition are influenced stron Ty by the S})A ratio of that condition.
In a larger sense, this S/A re%ation may be thought of, generally, as

& density index or & measure of induced fluidity in the seed mass.
With this in mind, the highest S/A values of the study indicate rela-
tively low Huidity or mobility of the seed mass, and Jow S/A values
suggest great fluidity and easy movement of the seed. Such an anal-
¥sis is supported by the trends shown in fipuive 7, where the fourth
trial (at 20.2 s.c.f.m.) produced seed movement so readily that it ap-
proached lean-?hase conveying.

The practical value of figure 7 is to illustrate that best operating
conditions for a given capacity involve the largest amounts of auxiliary
air that can be tolerated. This means lower operating costs, less air
leakage, and better feeding conditions. Fowever, a possible limita-
tion js high seed velocity with resultant damage, and possible “break-
over” into lean-phase conveying where velocity-damage problems are
more likely.

Pressure Drops in Dense- and Lean-Phase Conveying

In any condnit through which a fluid is flowing, there is a continn-
ous loss of head or pressure. The pressure-drop characteristic was
examined for dense-phase conveying of erimson clover and is presented
in figure 8. When auxiliary air was introduced as shown, the average
pressure dro]} per foot of conveying run deereased with increase in
capaeity. This is opposite to the usual pressure-capacity relation
expected in typical pneumatic transport and to the results for lean-
phase conveying shown in figure 9.

The ordinary concepts of fluid flow are not directly applicable to
dense-phase conveying because this form of material fransport prob-
ably is classified best In a region between fluid flow and the movement,
of a solid. In typical slug flow of dense-phase conveying, the seed
movement is not continuous but follows an irregular cycle where
stugs of seed are forming, moving, and dissipating throughout the
pipe run. Actual movement takes place when air pressure builds
up enough to impart momentum to any slug. This pneumatic pro-
pelling force wcts only for a short time because pressure drops vapidly
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as the slug is moved downstream. However, pressure again builds
up as new slugs form, and c¢ycle recurs in the form of repeated
pneumatic bgosts.
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If the seed slugs in dense-phase conveying were definite and nor:
changing in character, the typical slug flow might be analyzed from
a friction standpoint, with some justification, as though each slu
represented a solid cylinder. On this basis, seed movement \\'oulg
take place when the static friction of a stationary seed plug was over-
come by the application of pneumatic force. Once started, the seed
plug would continue in motion unti! kinetic friction exceeded the
moving force.

However, the seed slug is not a solid, unchanging subsiance. It
contains an appreciable amount of void space and can be permeated
readily by air. The effects of air bleeding through the seed mass
are to decrease bulk density, “lubricate” the mass, and produce a degree
of fluidity. Because of this fluidity, the seed slug is a mobile, chang-
ing thing that shows some characteristics of both a solid and a fluid.

Tha reduction of pressure drop with increase in capacity (shown in
fig. 8 for dense-phuse conveying) is logical when it is realized that the
seed movement can begin from a slugged condition. When this hap-
pens, initial caracity gures will be low; and since resistance to air-
flow through the deuse seed mass is relatively great, maximum sys-
tem pressures will be high. When introduction of auxiliary air is
increased, the seed mass becomes less dense (more fluidlike) and is
easily permeated by air. Since seed can now flow more readily,
;:]apacity increases while resistance to airflow decreases, as shown 1n

igure 8.

At the upper levels of capacity, the pressure-drop curve falls off
more sharply—an indieation that the “break-over” point is being ap-
proached where dense-phase conveying changes to lean flow and where
pressures are generally lower. Also in this region, auxiliary air
rates climb steeply—an indication that seed charge in the line 1s de-
creasing. (This is reflected too, in the decreasing S/A ratio of fig. 5.)
Total airflow, if plotted, again would show the same trend as auxil-
jary air.

he pressure-capacity relation suggested in figure 8 is influenced
greatly by rate of auxiliary airflow. The plotted square peints rep-
resent pressure drops per foot obtained in four operating conditions of
the constant capacity, variable air test shown in table 3. These
pressure-drop figurés are included in figure 8 to emphasize that an
of these square point values, or others, might have been obtained (all
at the fixed ¢ racity of 1,500 pounds per hour} depending on the
nmount of auxiliary air introduced. If the same type of auxiliary air
study had been performed at each capacity level shown in figure 8 (as
it was for 1,500 pounds per hour), a family of pressure-drop curves
could have been plotted somewhat as iltustrated by the short dashed
lines, each of which represents a different auxiliary airflow, The
slopes of these curves are not known, but each would pass through
one of the square points shown. The conclusion to be drawn here is
that different pressure-capacify relations can be obtained by employ-
ing different auxiliary air rates, all at a fixed capacity. Eaclh point
of the pressure-drop curve in figure 8 applies only to the auxiliary
air rate indicated at that capacity.

To provide the lowest possible pressure drop per foot at any capa-
city level, it is acdvisable to operate with the highest auxiliary-air rate
that can be tolerated.  The limiting air mate again will be dictated by
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possible “break-over” into lean-phase conveying and resultant high-
relocity seed-damage considerations,

Figure 9 represents a relation of average lineal pressure drop, fotal
airflow, and capacity in lean-phase transport of crimson clover. The
increase in pressure drop (or head loss) with increase in capacity is
t?'pica] of ordinary pneumatic conveying and conforms generally to
the laws of fluid friction. The Davcy-Fanning equation for turbulent
fluid flove states:

b _fLv?
VD2,
where: h;=head loss, in feet
f=friction coefficient, dimensionless
Li=pipe length, in feet
V=velocity, in feet per second
D=internal pipe diameter, in feet
g=ncceleration of gravity=232.17 feet per second?

~ The friction coeflicient, f, is a funciion of Reynolds number which
depends in part upon the viscosity of the fluid being considered.
Whaen seeds in varying amounts are entrained in a moving airstream,
the effect is to change the apparent viscosity makeup of the flowing
seed-air mixture. As a result, friction coeflicients also will chan
and might be expected to vary in the saine general fashion as solid-
air ratios. This thought is supported by the fact that an increase in
S/A vatio was accompanied by an increase in pressure drop over the
whole system, as shown in figures 6 and 9. A related pownt here is
that greater amounts of seed in the system act as added restrictions
te airflow.

Data in figure 9 were obtained by fixing the blower speed initially,
then varying the seed-introduction rate. The indicated drop in air-
flow is reasonable since more seed in the system (higher S/A ratio)
tends to reduce air velocity and volume from the standpoint of seed-
acceleration requirements. Also, as the 8/A ratio increased, the
blower slowed down slightly and was called upon to operate at greater
pressures. Both factors reduce blower output.

Figure 9 shows that the airflow rate decreases as pressure increases.
This appears to contradict the general law pertaining to system char-
acteristic curves, which states that resistance to airflow m a system
varies divectly as the square of the volume flow (another form of the
Darcy-Fanning equation). Flowever, the data in figure 9 do not con-
tradiet this concept because each capacity level represents a different
S/ A atie, viscosity, and friction coefficient. As a result, four system
churaeteristic curves conld be established where each is appropriate
for a given capacity and would demonstrate the typical parabolic in-
crense in pressure with volumme flow., In this way, each seed-
introduction rate produces a new system characterisiic. The plotted
pressure drops i figure ¢ can be thought of then as single points,
et from o different system characteristic curve.

An interesting speculntion is the combined effect of seed density,
S/ rafio, shape, and texture on the viscosity makeup of n seed-
air mixture, Onee this is known, flow preperties and pressure drops
can be precdicted for any seed-handling problem. The work reported
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here includes a brief study of one part of the viscosity picture—that
of S/A ratio for crimson clover.

The practical value of figure 9 is to show pressure-capacity rela-
tions for lean-phase conveying that are opposite in trend to the Tesults
for dense-phase conveying (fig. 8), and to snggest the lowest airflow
rates that will trunsport crimson clover seed in the lean phase.

Seed and Air Velocities in Dense- and Lean-Phase Conveying

The influence of air velocity on seed velocity for both dense- and
lean-phase conveying trials are presented figure 10 to provide a
graphic comparison of the two methods. In both, seed velocity in-
creases with increase in air velocity, but the rate of change in the lean
phase is much greater, as noted by relative slopes of the curves. Also,
seed velocity and air velocity are much less for dense- than for lean-
phase conveying.
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F1GurRe 10~The influence of air velocity on seed veloelty In dense- and lean-
phase conveying of crimson clover. Each peoint is an average of 4 or 6
replications,

There is a suggestion that the seed-velocity curves might have been
continuous had greater velocities been attempted in dense-phase trials,
or lesser velocities in lean-phase trials, However, either action would
have involved operating in an unstable region. The lowest measured
seed velocity shown fer lean-phase conveying (1,000 f.p.n.) checks
wall with a vertical choking velocity of :ﬂv)out 900 f.p.m, determined
by Zenz for rape seed (36’(6’?, p.136). Zenz also noted that horizontal
settling velocity was identical to vertical choking velocity for particles
of uniform size but much greater for particles of mixed size.
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Ratios of seed velocity to air velocity are plotted for both dense-
and lean-phase conveying. The ratios for dense phase are much
lower, und the curve appears to be leveling off, whereas ratios for
lean phuse are increasing. In lean-phase conveying, the ratios show
that average seed velocity ranges from about 31 to 48 percent of the
air velocity, but it is not known if {he seeds had stopped accelerating
in the 56-foot run employed here. These figures are interesting
beennse of the varying estimates that have been made of this “slip-
puge” factor. Richardson and McLeman (30, p. 963) found values
of about 72 to 81 percent for 0.04-inch cond particles. With flax
seed, Wood and Bailey (85, p. 161) determined a figure of 50 percent
for low seed-air concentration and 20 percent for high seed-nir con-
centeation. Segler (34, p. 708) worked with wheat and found grain
velocity was about nne-tfri rd of the air velocity.

In the velocity comparisons shown in figure 10, results for lean-
phase conveying likely nre more accurate than those for dense-phase
conveying because nll velocities discussed here nre averages, and the
dense phase includes a wide range of seed motion—in some cuses the
seed even drops momentarily agninst the nirflow in the vertical run.

Power Requirements in Dense- and Lean-Phase Conveying

Power-pressure relations of dense- and lean-phase conveying trials
are presented together in figure 11, and both methods show the same
trend—that power requirements increase linearly with air pressure
for the llmrticulm' range of capacity and auxilinry air studied. One

of the dense-phase plots (the constant capacity, variable air investi-
5
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Fiaure 11.—Power-pressure relations In variable cnprelty and constant capacity
trials iu dense- and leap-phage conveying of crimson clover. Each polnt is
an nverage of 4 or G replications.
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gation) compares the power-pressure data shown in figure 7. Here
the pressure range is grenter, but the same general trend of linearity
is evident except for the maximum pressure point, which suggests a
proportionately greater power requirement when the seed mass is very
dense. ;

The rate of power increase for all trinls is nearly the same,as indi-
cated by the slope of the curves. Generally, dense-phase conveying
shows greater pressure and power requirements than does lean-phase
conveying except at 4 p.s.i., which was near the point of “breaking
over” into the lean phase. As shown, power and pressure character-
istics of this dense-phase test condition fell nicely within the ranges
for the lean phase.

The lean-phase and varinble dense-pliase plots vepresent only the
power and ]f:)ressure figures associated with a given test condition,
regardless of capacity.

The main value of figure 11 is to show that power requirements gen-
erally increase stendily with system pressure in both lean- and dense-
phase conveying.

Power requirements for dense-phase and lean-phase conveying are
shown on 2 unit-conveying basis in the curves in figure 12, which are
elaborations of the power curves in figures 5 and 6, respectively.
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Fieure 12—Relations of power requirements and conveylng capacity in dense-
and lean-phase conveying of crimsen clover. Each point is an average of 4
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Power requirements (horsepower per ton per hour) for low-capacity
trials in dense-phase conveying are high because the seed mass is very
dense and little auxiliary air is being used to fluidize the seed load in
the vertical riser. This is an extreme condition where the flow ap-
proaches the movement of a solid rather than a fluid, as discussed
earlier. Cupacities, therefore, are low and power requirements high,
and the combination of these two factors requtos in the high horsepower
per ton per hour figures plotted.

The power requirements for dense-phase conveying drop sharply
with increased capacity as introduction of auxiliary air is stepped up.
In contrast, power requirements drop slowly with increased capacity
in lean-phase conveying and, generally, power requirements are less
than in the dense phase.

There is a suggestion that the two curves are nearly continuous
even though eac%l represents a different conveying method. Conti-
nuity, in & sense, may be possible here because the Jargest capacity
figure shown for dense-phase conveying represented a maximum con-
dition of auxiliary airflow beyond which the operntion probably
would have “broken-over” into lean-phase conveying.

Again taking advantage of the constant-capacity dense-phase data
of figure 7, it 1s possible to compute power-requirement figures for
different auxiliary air rates, all at a fixed capucity. The square points
shown in figure 12 represent the range found for 1,500 pounds per
hour. In effect, this means that a family of power curves could be
established and drawn, as discussed earlier in connection with figure 8,
if a series of auxiliary air rates had been studied at the various capac-
ity levels. The dashed lines through the square points in figure 12
suggest, curve slopes that might have been obtained. The family-of-
curves concept also seems to verify the possible continuity of dense-
and lean-phase curves.

The value of figure 12 is to present a direct comparison of power
requirements for the two metheds on a unit-conveying basis and to
illustrate the marked beneficial effect, of introducing auxiliary air
in dense-phase conveying.

Seed Damage

Many research studies have pointed out that mechanical damage
to seed can readily lower or weaken germination. The damage may
oceur at any point in the harvesting, cleaning, or handling process,
and in some seed lots, germination %oss can veach prohibitive levels.

According to Harter (77, p. 877), thresher injury in beans may
produce up to 30 percent abnormal germination. Brown and Toole
(8, p. 97} point out that mechanical injury in handling may cause seri-
ous breaks in the seed embryo, which prevent normal development of
the seedling. Moore (24, p. 22) suggests that mechanical damage,
even before it reduces germination appreciably, causes seed to lose
vigor and show other signs of weakness. Justice (78, p. 16/) indicates
that seedling abnormality may be a secondary effect of fungi attack
through lesions and breaks induced by severe mechanieal action.
Moore (25, p. 8) also cites an indirect effect—that of premature seed
aging.

Asgrow (4, p. 22) determined that germination decreased signifi-
cantly when beans were dropped 1 foot (repeated drops) or 3 feet
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(single drop) upon a metal plate. The Seed Testin% Laboratory at
Oregon State University has observed that damage in fine fescue crops
has increased in recent years and that this has resulted in lower ger-
mination and more rapid deterioration in storage {28). )

Seed damage frequently is associated with pneumatic conveying and
should be considered in evalnating any system. In a comprehensive
study of pneumatic grain conveying, er (31, p. 71) suggests that
conveying should take place in & limited but distinct region of veloci-
ties between damage and blockage areas. Goss and Jones (16, p. 20)
studied airlifts handling alfalfa and concluded that air velocities over
3,000 £.p.m. would damage seed. In another study of airlift damage
Asgrow (4, p. 35} found that bean damage was cumulstive in repeated
passes through one system. .

Because of its importance in efficient pneumatic conveying, seed
damage was investigated in several phases reported here and was made
up of%arop tests, brief conveying trials, and extensive conveying studies
with erimson clover and beans.

Dryop Tests

Preliminary to the study of actual conveying damage, various kinds
of seed that typically show damage in seed testing were dropped from
8 12-foot height upon wood, metal, rubber, concrete, and seed surfaces.
In some tests, drops were repeated. Kinds of seed tested were crimson
clover, lotus, subterranenn clover, hairy vetch, tall oatgrass groats, and
orchardgrass groats. (Germination tests were performed immediately
and again after two storage periods of 16 months and 5 years. Stor-
age was in an enclosed, unheated space.

A comparison of germination figures for the dropped lots and com-
panion control lots (not dmp!)ed) showed no significant differences im-
mediately or after 16 months’ storage. After 5 years’ storage the leg-
umes agnin showed no differences, but the two dropped grass seed
lots decreased more in germination than did their controls. The tall
oatgrass groats showed germination figures of 38 percent {dropped)
nnd 57 percent {controls), wherens the orchardgrass gronts showed
53 percent {dropped) and 6214 percent (contro]s%? Although differ-
ences are indicated, they were evident only in lots dropped seven times.
On the basis of the results of all the drop tests, it must be concluded
that significant mechanieal damage did not oceur.

Brief Conveying Trials

Various kinds of seed were conveyed pheumatically through small-
dinmeter pipe of the "SDA experimental conveyor in either dense- or
lean-phase flow, or both, and resulting damage was evaluated in terms
of germination and breakage. Table 4 summarizes details of the test
operations, some of which reffect only single observations. The data
indicate, broadly, that seed lots transported in the dense-phase trials
show little or no damage. Airlock damage also can be seen in some
trials, but, as discussed later, this can be reduced with proper air-
lock selection or design.

Extensive Conveying Studies With Crimson Clover

Seed breakage was not evident in any of the conveying trials con-
ducted with crimson clover, so possible damage was evaluated by
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germination tests on representative samples from the four dense-phase
trials and the four lean-phase trinls discussed earlier. Summarized
results are shown in table 5.

TaBLr 5.-—-Seed damage and conveying severity in dense-phase and
lean-phase conveying tests with crimson clover?

Teat Beed Normal Hard | Abnormal Dea‘d Severity
condition velocity | germina- seed germina-~ Beed index
tion tion No2?

Feel per
minule Percent
20 85.3
Dense phase.___ 5 ggg
85 7
88. 0
§86. 3
87.3
80.3
83. 8

:
7
-3

O WOONOR

Lean phase____

LW MNP P
PR LS F=—3CR N B Y Y ]
oo emed
00 O wd = God =] Sal L3 =]
(i atal=lal ol ol

! Average of 3 replications for dense-phase and lean-phase trials, and 8 for con-

trols.
14 {Abnormal germination+ Dead sced) %

t Severity index No.= 1+ (Hard seed) %,

Normal %qrmination and hard seed together reflect potential good
thi

seed, and this measure is essentially the snme in all dense-phase and
lean-phase trials. For additional comparison, these figures can be
plotted on a velocity seale, as shown in figure 13, which then gives the
impression that a straight line can be fitted to the points. The line
deviates only slightly from the hovizontal, so on this basis, normal-
germination-plus-hard seed appears unaffected by seed velocity. The
straight line 1s dashed between the highest velocity dense flow and the
lowest velocity lean flow because this region is unstable from a con-
veying standpoint and is another example of the discontinuity dis-
cussed earlier.

In all cnses, the conveyed material appears as good as the controls,
and little or no seed damage is evident. Abnormal-germination-plus-
dead-seed count is not shown directly, but it also remained constant,
essentially. This is so because a seed subjected to a germination test
must fall in one of these two classifications, which together equal 100
percent: normal-germination-plus-hard seed, or abnermal-germina-
tion-plus-dead seed. The lack of change in abnormal-germination-
plus-dead seed is perhaps a more direct indication that damage did
not oceur.

However, even though the normal-germination-plus-hard-seed fig-
ures remained constant, the hard-seed component for lean-phase lots
was less than for dense-phase lots. This suggests that the conveying
action, in some cases, served to scarify hard seeds and make them
germinable, but was not severe enough to damage seed. An interesting
implication 1s that some mechanical severity may be tolerable in a
conveying action, and perhaps even desirable, if it stimulates hard
seed into normal germination. Since degree of severity apparently is
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Froure 13.—Comparison of dense- and lean-phase conveying of crimson clover
In terms of seed germination. Each point is an average of 3 replications ex-
cept controls, which is an avernge of 8.

important, the following formula was devised to evaluate the con-
veying trials of this study In terms of relative mechanical severity:

1+ (\bnormal germination+ Dead seed) %
1+ (Hurd seed} %

Severity index No.=

Where: abnormal, dead, and hard seed figures are percentages by
number as determined in standard seed germination pro-
cedures.

The formula arises from an analysis of a seed’s response when sub-
jected to a mechanieal action. There are four possible responses:
(1) If the action is severe enough, seeds that otherwise would germi-
nate normally may show nbnormal germination or be kkilled (nuwmerator
of the formula will increase}. (2) If the action is severe enough,
hard seed may be caused to germinate normally or abnormally (de-
nominator will decrense}. (3) If the action is Jess severe, abnormal-
germination-plus-dead-seed percentages may not change (mumnerator
will be unchanged). (4) If the action is less severe, hard seed per-
centages may not change (denominator will be unchanged). Since
the numerator must either increase ot stay the same, and the denomi-
nator must decrease or stay the same, the calculnted index number
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then must increase or stay the same for seed lots subjected to a mechan-
ical action. :

The formula reveals several other things. The numerator actuall
is an expression of seed damage, so it foll%sws that damage is a specia
form of severity as defined here and might logically ﬁe considered
an extreme form. Also, a mechanical action that changes any of the
three germination measures of the formnla will increase the severit
index number. The index number increase, then, can be the result
of damage (if the numerator increases) or the result of hard seed
reduction (if the denominator decreases), or both. The arbitrary
figure 1 appears in numerator and denominator to provide positive
numbers and a rational condition, mathematically, when the abnormal-
germination-plus-dead-seed figure or hard seed content is zero.

The formula does not include a term for normal germination of
seed because the result of a mechanical action cannot be predicted
for this mensure. (Normal germination can increase if hard seeds
are caused to germinate normally, but it can decrease if normal seeds
are killed or caused to germinate abnormally.) However, the formula
senses any change in normal germination because such change must
npKear in the form of revised values for nbnormal, dead, or hard seed.

As caleulated by the formula, the severity index number will indi-
cate any damage (numerator change) or any hard seed reduction
{denominator change), or both. However, a limitation is that these
changes must be due to a mechanical action.

The formula has-an immediate application in rating the conveying
trials of this study, but it also may have general value as a tool for
evaluating severity in other seed-handling operations. Therefore, if
the severity index number is computed for seed lots before and after
exposure to various mechanical actions, a comparison of the index
numbers will indicate relative severity of these actions whether or not
seed has been damaged.

As applied to the conveying trials reported here, the severi ty index
numbers should provide a means of comparing the dense-phase and
lean-phase operations at severity levels less than those associated with
seed damage.  Such knovwledge 1s considered valuable because damage
potential varies according to kind of seed, moisture content, and con-
veying system. A comparative rating of dense- and lean-phase con-
veying trials under the low-damage conditions of these tests should
help predict results at other conditions more conducive to seed damage.

everity index numbers were calculated and are shown in table 5.
All dense-phase values are less than lean-phase values, indicating that
dense-phase conveying is less severe. In fact, most index numbers
for dense-phase trials are only slightly greater than for the controls.

Also, s plotted in figure 14, severity index numbers tend to increase
generally as seed velocity increases. Again, the line is dashed be-
tween the two conveying methods, indicating discontinuous data.
This trend is less definite when the dense-phase grouping and the
lean-phase grouping are considered alone. The highest index number
for dense-phase conveying occurred when the flow pattern was very
dense and the seed movement was lowest of all tests. Under these
conditions, seed may suffer enough airlock injury to explain the
higher figure. (Airlock effects supporting this thought are discussed
later in connection with bean damage.)
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FioUaEe 14.—Comparison of conveying severity for dense- and lean-phase convey-
ing of erimson clover. Each point s an average of 3 repliviations except
controls, which iz nn average of 8.

The greatest index number for lean-phase conveying at 1,600 f.p.m.
appears high, and no logical explanation for this isknown. If plotted,
each of the three replicates for this condition would fall above the
line asdrawn.

A similar trend line would be obtained for these trials if only hard
seed reduction wus considered because little if any damage occurred
Snumerator change in the index formula). However, hard seed re-

uction alone is not a complete index of severity since seed damage can
occur without changing hard seed count.

The overall value of figure 14 is to suggest that conveying severity
increases with seed velocity; and when a transport action is severe
enough to cause damage, this effect can be reduced by lowering
velocity.

Anotlher evaluation of severity is presented in figure 15, which shows
hard seed, normal germination, abnormal-germination-plus-dead seed,
and severity index numbers for severa] groups of conveying trials.
For comparison, the same measures are included for controls.

This plot compares dense-phase conveying, as a whole, with lean-
hase conveying on both one-pass and three-pass bases. The groups
}mve been arranged, from left to right, in order of increasing index
number and decreasing hurd seed count. The relative positions of
groups resulting from this arrangement ave interesting. Controls
show the lowest index number, dense-phase conveying is intermediate,
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and lean-phase conveying shows the highest index nunbers.  Within
the dense- and lean-phase classifications, index numbers are higher for
each three-pass group than for the one-pass groups.

CRIMSON CLOWER

R Hard seed (%)

EZZ3 Germinalion, normal (%)

EZZA Abnormel gormination plus dead sasd [%}

Cremrnyiag
Mnvneily wadec

CONYEYING SEVERITY INDEX

DENSE PHASE DEMSE PHASE LEAN PHASE LEAN PHASE
{ane pess) [three pass})  {one poss) (1hres pass)

F1oure 15.—Seed germination and convering severity in various trials in dense-
and lean-phase convering of crimsen clover, Controls are averages of 8 deter-
tninations; one puss, 12 determinations; three pass, 2 determinations.

Figure 15 reveals that the increase in severity index number is
mainly the vesult of progressive decrease in hard seed—this is
so because abnormal-germination-plus-dead-seed valnes (damage)
change very little. The drop in lard seed nearly equals the increase
i normal germination. The normal germination bars could not
increase much in these trials becnuse there was relatively little hard
seed in the originai test lot. Conveying trials should be more informa-
tive with seed Tots like lotus and dichondra, whose hard seed content
may be 5 percent or more.

Since hard seed content decreased, as shown, to 1 percent at the
conveying condition of maximum severity, it is interesting to speculate
what might have happened if conveying conditions had been even
move severe. .\ reasonable guess is that seeds otherwise germinating
normally would have been killed or forced to germinate abnormally
(seed damage). Continuing this hypothetical chain of events on the
bar graph of figure 15, increasing conveying severity first would cause
the black bars to decrease until nonexistent, while the dotted bars
increased in like amounts. Then, when severity was great enough,
the dotted bars would decrease, while the dingonal bars increased in
like amount, showing the presence of sced damage. So, the optimum
conveying for largest mmount of normally germinating seed would
be that condition whose severity was great enough to reduce hard seed
content to zero, but not high enough to eause seed dumage.
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The main value of figure 15 is to rate the relative severity of differ-
ent conveying trials by use of the index number, and to show that
increasing severity can reduce hard seed content and thereby increase
normal germination without damaging seed.

Extemsive Comveying Studies With Beans

The' lean-phase conveying described here has been: characterized
by air and seed velocities. considernbly greater than for dense-phase
conveying. As a result, seed. damage would appear more likely in
lean-phase conveying. However, a good comparison of damage
differences between the two methods in one physical system proved
dificult to obtain. Crimson clover was not. ({:unaged in dense-phase
conveying, but neither was it damaged in companion lean-phase trials
{fig. 13). However, when conveying trinls were rated according to
thetr severity, dense-phuse trinls appeared less severe (figs. 14 and 15).

In another uttempt to obtain a damage comparison, conveying trials
wers conducted with beans because of theiv damage susceptibility.
Small beans wers chosen as a test lot to facilitate passing through the
airlock used, but this size probably provided a reiatively strong bean.
When thrown against concrete, the test beans did not. break as readily
as did larger types. .\ second reasen for conveying beans was to
evaluate nirlock breakage with a larger product than crimson clover,
which had shown no breakage.

Dense-phase trials with beans were carried out at one arbitrarily
selected operating level, aud lean-phase trials were conducted at five
levels, including the condition of greatest seed velocity possible with
the USDA experimental system. Dense-phase results are discussed
later. Lezm-pﬁﬁse results are sununarized in table 6 and are plotted
in figure 16, where all curves are relative dumage measures of a sort.
The breakage curve indicates damage that is extensive enough to be
visible l'eatﬁ])'; the abnormal-germination-plus-dead-seed curve re-
flects damage present in the seed lots but not necessarily visible; and
the normal-germination-plus-hard-seed curve is a measure of poten-
tially good seed that apparently is undamaged physiologically. Each

TasLE 6—Seed damage and breakage in lean-phase conveying tests
with beans®

Test Seed Normal Hard | Aboormal| Dead | Visible
condition velocity | germina- seed germina- seed break-
tion tion age ?
Feel per
minule Percent | Percent Percent Percent | Percent
2, 263 73. 5 10 22. 5 3.0 1. 62
1, 660 827 .5 15. 5 1.3 .70
Lean-phase_____ 1, 445 83. 5 .3 15. 0 1.2 . 5%
960 89. 7 1.2 7.8 1.3 49
6350 91. 0 .5 7.0 1.5 . 40
Controls_ |- __ 03. 4 .4 4,0 2,2 |-

I Avernge of 2 reploations with California small white navy beans for lean-phase
trials, and 4 for controls.

* Percentage by weight of beans showing absence of some part of cotyledon
when viewed without magnifieation,
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curve shows the same type of trend—that increased valocity is related
to %reater seed damage.

t is entirely reasonable that the normal-germination-plus-hard-
seed curve should fall off, as indicuted, in the same amount that the
abnormal-germination-plus-dead-seed curve increases because, to-
gether, the curve ordinate values must equal 100 percent.
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Froure 16 —Effect of seed velocity on seed damage in lean-phase conveying of dry
beans (Calitornia small white). Each polnt is an average of 2 replications.
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Capacities for each lenn-phase test in this dnmage study were kept
low purposely to make best use of the limited amount of uniform,
high-quality test sample and to insure high seed velocity when desired.

n-phase capacities, held s nearly constant as possible using a
vibrator Teeder, were 245 (£16) grams per minute, and dense-phase
capacities were sbout 24 pounds per minute.

reakage, us it is considered here, includes beans that show an Y part
of a cotyledon missing when inspected without ma vification.  This
means that reported breaknge values tend to be slightly greater than
would be determined by standard purity procedures in seed-testing
labortories, which stipulate that u seec portion representing more
than hulf of the original unit must be considered # whole s . The
particular basis selected for this test appeared to offer n more exact.
mensurement of nctual seed breakage. A fter the amount of breaknge
was determined, broken beans larger thun half of the original unit
were returtied to the test samples so that standard selection and germi-
nation procedures could be carried out.

In any event, breakage values were relatively low, as indicuted in
figure 16, with four out of five tests showing 0.70 percent or less.
Samples analyzed for brenkage were relutively small {about 70
Emms), 0 sampling ecror is a possible limitation in interpreting the

reakage results. However, the deviation between replications was
very small, and the originai test material showed a low initin] break.
age figure, implying « test lot of uniform initial breaknge. The brenk-
age curve is mamly important not. for its specific values but, because it
shows generally low figures and that brea uge tends to increase with
seed velocity.

Actunlly, brenkage figures for beans are made up of three tompo-
nents: initial (lpresent in test fot ns received); airlock (induced in
passage through airlock); and transport (attributed to the actual
conveying}. Of these components, initinl is commen to the stock used
for uﬁ trinls, so any differences in total breakage figures for dense-
phase and lean-phuse conveying must be assigned to airlock plus
transport effects.

An analysis of breakage components appears in table 7. The total
breakage value fur dense-phase conveying 1s 1.55 percent (two replica-
tions at one test condition), ns compnred to lean-phase values ran ing
from 0.40 to 1.62 percent. Although total bren age for dense-phase
conveying thus appears to equal the highest values for lean-phase
conveying, a substantinl amount of this breakage is airlock effect, as
shown in table 7. Airlock effect in dense-phuse 1s greater (about, four
times) than in lean-phase. In dense-phase conveying, each compart-
ment of the airlock tends to opernte with nearly full lond but to
discharge only » small part of this load in any one revolution. Asa
result, snpme seeds nre tumbled many times at or near the shenring
edges of the airlock. In addition, the lower air-seed velocities of
dense-phuse conveying keep the seed at, the shearing edges longer as
seeds move from the airlock to the pipe. Both actions provide nore
opportunity in (letls_c~]p!1a|5e transport for seed to be caught between
rotor und housing of the airlock and thus be sheared or erushed.

If airlock effects are discounted, the remaining breakage (that can
be attributed to trans‘)ort) ranges from (.13 to 1.35 percent for the

lean-phise velocities shown in figure 16.  On the sume basis, dense-
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Taere 7—Seed breakage in dense-phase and lean-phase conveying
tests with beans?

Breakage due to— Dense-phase Lean-phase
gonveying conveying

Percent Percent
1. 03

. 52

1. 55

! Average of 2 replications with California small white navy beans. Volues are
percentage by weight of beans showing absence of some part of cotyledon when
viewed without magnificetion and inchide some initial breakage.

phuse breaknge was 0.52 percent. Generally speaking, breskage was
relatively low in all trials. Where airlock action might be a serious
consideration, it can be minimized by using an airlock equipped with
flexible wiper strips at the blade edges and by installing another flex-
ible strip at the atrlock feed to leve! each compartment lond below the
shearing point of the lock housing and thereby reduce shearing of seed.

A similar breakdown on abnormal-germination-plus-dend-seed fig-
ures for dense- and lean-phuse conveying also indicates greater airlock
effects for dense-phase conveying. A total figure of 10 percent was
determined for sbnormal-germination-plus-dead seed in dense-phase
conveying to compare with the lean-phase values shown in figure 16.
When transport effects again are considered, the value for dense-phase
conveying becomes 2.5 percent as compared to a range for lean-phase
of 3.2 to 20.2 percent.

With reference to normal-germination-plus-hard seed, a total figure
of 90 percent was determined for dense-phase conveying which com-
pares favorably with the range for lean-phase flow of 74.5 to 91.5 per-
cent shown in figure 16,

In analyzing velocity-damage relations, it is possible to relate the
measured bean velocities shown in fizure 16 to impact velocities that
might be caleulated for drop trials. For example, if beans had been
included in the preliminary drop tests {12-foot height) described
earlier, the impact velocity would have been:

v=1'2gh (neglecting air resistance)
where: -=impaet velocity, in feet per second
h==drop height, in feet

o=—acceleration of gravity, in feet per second?
Then:

r==+"2(32.2)12
7728

=1y
=27.8 f.p.s. or 1,668 f.p.m.

As shown in figure 16, a velocity of 1,668 f.p.m., equivalent {o a
12-foot drop, would lower normal-germination-plus-hard seed to
about 82 percent. For general interest, it is also possible to calculate
drop heights with impact velocities that equal the range of seed
velocities shown in figure 16 for lean-phase conveying. With the
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same_ velocity formuln as above, only solving now for “h” in a
velocity range of 650 to 2,265 f.p.m. (10.8to 87.8 f.p.s.) :

v?
b=
_ {10.8)% to {37.8)?
- 2(32.2)

__116.6 t0 1,428.8
= 64.4

=1.8 to 22.2 ft.

In comparison, the drop-height equivalent for dense-phase con-
veying (at an average velocity of 161 f.p.m.} is 0.1 foot.

‘The main value of figure 16 is to show that-seed damage {abnormal-
Fermination-pIus-dend seed) increases as seed velocity increases in
ean-phase conveying and that visible breakage also Increnses with
velocity, but that actual breakage values ave relatively low in all
cases. Also, a comparison of the lean-phase values as given in
figure 16 with dense-phase values shows that all damage measures
for dense-phase conveying either are lower than for lean-phase or
are near the low end of the range shown for lean-phase conveying.

CONCLUSIONS

Preliminary fluidizing trials, dense-phase and lean-phase convey-
ing tests with erimson clover, and seed damage studies with crimson
clover and beans warrant the following conclusions:

1. Small legume seeds like the clovers and alfalfa can be fluidized
but not ns effectively as powders.

2. A pneumatic conveyor for seeds was developed that shows
characteristics of fluidized conveying—namely, low sced velocity, high
seed-air ratio, and a flowing seed mass that has a large degree of
mobility or fluidity.

3. Flow pattern in dense-phase conveying consists of aerated slugs
of seed that form, move, dissipate, and re-%orm throughout the pipe
run.

4. Ordinary principles of fluid flow are not entirely applicable
to dense-phase operation because fluidity of the seed slug places it in
a classification Letween true fluid flow and movement of a solid.

5. Dense-phase operation departs from usual concepts of pneumatic
conveying in that pressures an (l power requirements drop as conveying
capacity 1ncreases.

6. Flow pattern in lean-phase conveying involves a high-velocity
seed movement typical of ordinary pnenmatic transport. )

7. Lean-phase conveying was found to conform generally to laws
of fluid friction inasmuch ns pressurve drop increased as conveying
capacity increased, which suggests that variable seed-air ratios
change viscosity makeup of flowing seed-air mixtures.
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8, Aaxiliary airflow bypassing the air lock has proved very im-
portant in dense-phase conveying since it lowers operating pressures,
reduces power requirements, and facilitates feeding of seed to the
system.
y9. In all dense-phase operations, auxiliary airflow represented 70
percent or more of the total conveying air.

10. Greatest seed velocities observed in dense-phase conveying were
250 f.p.m., and in lean-phase conveying, 2,125 f.p.m. -

11. In iean-phm ow, the air-velocity range used for transport
was 3,250 to 4400 f.p.m., and seed velocities ranged from 31 to 48
percent of the air velocities,

12. Greatest solid-air ratio of the study was 28:1 dense-phase
conveyin%o _

13. In both dense- and lean-phase conveying, power requirements
increased linearly with air pressure for the capacities and auxiliary
air rates studied. :

14, Conveying 1,700 pounds per hour in the dense phase required
about 314 horsepower per ton per hour; the same capacity in the
lean phase rerfulred about 214 horsepower per ton per hour.

15. Certain legumes dm]i)]pe& from a 12-foot height upon metal and
concrete surfaces showed the same germination as undropped control
lots after 5 years’ storage.

16, The following formula was devised to rate severity of convey-
mg trials in this stndy and may have general value as a research tool
to evaluate severity in other seed-handling operations whether or not
damage, as such, oceurs:

1+ {Abnormal germination +Dead sced) %
T+ (Hard seed) %

17. No difference was found in damage measures of dense- or lean-
phase operation and controls (not conveyed) for erimson clover, buf,
severity for dense-phase was less than for lean-phase conveying and
only shightly greater than for controls,

18. All erimson clover transported in dense- and lean-phase con-
veying showed greater normal germination than controls beeause of
reduction in hard seed content. However, total germination (normal-
plus-hard seed) remained the same in all trials.

19. Optimum conveying for the largest amount of normally germi-
nating seed wounld be that condition where severity is great enough to
aeduce hard seed content fo zero but not great enough to cause seed

amage.

20. gDamage in beans transported in lean-phase conveying incveased
as seed velocity increased, but total breakage was relatively low in all
cases.

21. All damage measures for dense-phase transport of beans either
are lower than or near the minimum values of the range found for
lean-phase transport.

22. Dense-phase conveying was unsuited for seeds that bridge easily,
like large grass seeds, and material of varying particle size, like ground
feed. However, such products are handled readily in this system by
lean-phase operation.

23. Finally, fluidized or dense-phase transport of seed as deseribed
hers is entirely feasible as 2 means of conveying free-flowing seeds at

Severity index=
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low velocity without damage through flexible, small- plpe systems in
ample quantity to supply processing machines,
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