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ABSTRACT

Pneumatic Lifting of Pine Seeds from
a Horizontal Surface. (April 1982)
Gregory Lawrence Elliott, B.S., Texas A&M University

Faculty Research Advisor: Dr. Wayne LePori

Information was obtained to aid the development of a pneumatic pine
seed harvester. Methods from related research were used to determine

the characteristics of slash pine seeds:

Mass 0.63 g
Frontal area 26.0 mm?
Terminal velocity 7.9 m/s
Coefficient of drag 0.63

The minimum air stream velocity for conveying the seeds horizon—
tally was calculated as being 5.5 meters per second. A mathematical
model was developed to simulate the movement of a seed in air. The
model was applied to the movement of a seed through the transition from
horizontal to upward movement during lifting. The results of the simu-
lation showed that the seed's elevation in the air stream when entering
the transition region is more important to lifting than the air velocity
in the transition region and that the air flow leaving the transition

region should be kept as near horizontal as possible.
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INTRODUCTION

Forests and forest products are essential to human life. Trees
provide raw material for the manufacture of lumber, paper, and plastics.
Wood is a primary energy source in many underdeveloped countries. Trees
prevent erosion, supply oxygen, and help prevent the accumulation of
carbon dioxide in the atmosphere.

The natural regrowth of forests cannot keep pace with losses due to
havesting and fire. Seeds must be obtained to support the massive
reforestation efforts which are under way. The problem of harvesting
seeds was the motivation for this project.

The forest products industry needs an efficient, cost-effective
means of harvesting pine seeds. The seeds are grown in orchards which
are cultivated strictly for seed production. The large quantities of
seeds produced make the laborious harvesting methods of the past
unacceptable. Harvesting the seeds by vacuuming them off the ground
would be an effective solution to the problem, but efforts to design
pneumatic harvesting equipment have been only marginally successful.
The machines which have been developed to date leave too many seeds on
the ground.

The purpose of this project was to obtain information that would
aid the development of effective equipment for harvesting pine seeds

pneumatically.

Citations and documentation in this thesis follow the style of the
TRANSACTIONS of the ASAE.




The

1)

2)

3)

4)

OBJECTIVES

project's objectives were as follows:

Identify the critical parameters for pneumatically 1lifting

pine seeds from a horizontal surface.

Analytically evaluate the pneumatic lifting of pine seeds from

a horizontal surface.

Develop an experimental apparatus based on the analytical

evaluation.

Correlate the performance of the experimental apparatus with

the results of the analytical evaluation.



REVIEW OF LITERATURE

Properties of Pine Seeds

The analysis of lifting pine seeds with air required data for the
physical and aerodynamic characteristics of the seeds. Their dimen-
sions, mass, frontal area, and coefficient of drag were essential to the
analysis, but this data was not found in the literature.

Due to the extensive use of pneumatic conveying in agricultural
processing, research has been conducted to determine the characteristics
of various kinds of grain. The methods used with grain can also be used
with pine seeds.

Hawk et al. (1966) used a wind tunnel to determine the terminal
velocity of wheat, soybeans, and corn by suspending the seeds in a
vertical air stream. Bilanski et al. (1962) and Keck and Goss (1965)
dropped alfalfa and rose clover seeds in still air, measured the time
required by the seeds to fall through known distances, and calculated
terminal velocity. 1In addition to determining the terminal velocity of
the seeds, Bilanski et al. (1962) and Hawk et al. (1966) calculated the
coefficient of drag.

It is up to the researcher to decide how to estimate the frontal
area of an irregularly shaped seed. The seed may be assumed to have the
same frontal area as a sphere of equal volume (Hawk et al., 1966). Some
seeds have three major dimensions which may be used to obtain a typical
length for estimating frontal area. Hawk et al. (1966) took the square
of the longest dimension to be the frontal area of corn kernals. The

cross—sectional areas of wheat seeds and soybeans have been calculated



by assuming that the area was equal to that of an ellipse with major
axis equal to the longest dimension of the kernal and minor axis equal
to the average of the two smaller dimensions (Hawk et al., 1966).
Bilanski et al. (1962) calculated frontal area as if it was equal to the
area of an ellipse whose axes were equal to the two longest dimensions

of the seed.

Minimum Fluid Velocity

Thomas (1962) developed a relation for predicting the minimum fluid
velocity required for horizontal conveying. This relation was shown to
be the most accurate by Jones and Leung (1978). It is applicable when
the particle is too large to be covered by the laminar sublayer in the

conveying fluid (Thomas, 1962).

Analysis of Particle Movement

Chand and Ghosh (1968) and Stannard (1961) developed equations
describing the movement of particles being conveyed pneumatically. They
began their analyses with the same equation of a particle's movement in

an air stream.
'S'=CTA-£(u—é)7- (1)
m

West (1972) wused two equations which are similar to Eq. (1) for
predicting the horizontal and vertical movement of particles moving

through an air stream.



METHODS

Measurement of Physical Properties

Slash pine seeds were used in this project. Each seed was measured
with a vernier caliper in the three roughly perpendicular dimensions
shown in Figure 1. The mass of each seed was measured with an

analytical balance.

Determination of Aerodynamic Charactertistics

Frontal Area. The frontal area of a pine seed was taken to be the

area of a circle whose diameter is equal to the average of the three
major dimensions of the seed.

Terminal velocity. A vertical wind tunnel that had been con-

structed for other research was used to determine terminal veocity. The
experimental apparatus, shown in Figure 2, consisted of a non-overload-
ing fan, an entrance nozzle, a plenum chamber, a plexiglass test sec-
tion, an adjustable damper, a seed retrieval spout, and a manometer.
The fan generated the air flow, discharging into the plenum chamber.
Along with straightening vanes and window screen at the entrance to the
test section, the plenum chamber reduced disturbances in the flow in the
test section. The test section was a plexiglass tube with an inside
diameter of 16.5 centimeters and a length of 1.2 meters. The damper was
adjusted to restrict the flow and control the velocity of the air in the
test section. Seeds which were conveyed out of the test section were
retrieved during the course of the experiment at the seed retrieval

spout. The nozzle on the fan inlet was fitted with a pressure tap. The



Top view
Side view Front view
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Figure 1, Major dimensions of pine seeds



Figure 2. Apparatus for determining terminal velocity



nozzle had been calibrated during a previous project to allow readings
of pressure drop at the nozzle to be converted directly to the air
velocity in the test section.

The process of measuring the terminal velocity of a seed began with
the air velocity in the test section set at 5.4 meters per second. The
ambient air temperature and barometric pressure was recorded.
Twenty—-five seeds were then placed in the test section through an
air-tight port. Preliminary trials had shown that when the air velocity
in the test section neared the terminal velocity of a seed, the seed
would repeatedly be suspended momentarily and then fall back to the
bottom of the test section. A small increase in the air velocity would
then cause the seed to be conveyed through the test section, out the top,
and into the retrieval spout.

During the experiments, the air velocity was increased in small
increments and allowed to remain constant for two minutes. The
incremental velocity increase was obtained by advancing the manometer
setting by 0.005 inches of water and adjusting the air velocity to bring
the meniscus of the fluid in the manometer back to zero. This process
produced changes in air velocity of approximately 0.2 meters per second,
the smallest change that could be measured reliably. As the seeds were
conveyed out of the test section, they were placed in numbered coin
envelopes for later weighing and measuring. The air velocity at which a
seed left the test section was considered its terminal velocity. Since
terminal velocity was measured under varying atmospheric conditions, the

measured values were adjusted to standard atmospheric conditions by



solving Eq. (5) for Vy using the properties of the seeds and the
density of standard air at fifteen degrees centigrade.

Reynolds number. The Reynolds number for a seed was calculated

using the average of the seed's three major dimensions as the

representative length and the terminal velocity as previously defined.

DV
Re = t/
M

(2)

Using relations from Hoermer (1965), the density and viscosity of the

air were calculated as follows.

P = 0.46449 (-;-) (3)

M= 2.414 x 1077 (1)9-76 (4)

Coefficient of drag. The coefficient of total drag of a seed at

its terminal velocity was taken to be

c = 2mg (5)

2
A/th

Description of Flow Pattern

A simplified flow pattern for a pneumatic harvester was developed
to aid analysis. The flow pattern is shown schematically in Figure 3.
It was assumed that a seed would be entrained by a horizontal air stream
ten centimeters thick. Once entrained, the seed must remain suspended
in the air stream if it is to be lifted. 1In lifting the seed, the air
flow would pass through a transition region where the direction of flow

would change from horizontal to some angle above horizontal. The
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Transition region

Horizontal
flow regionx

Air flow

o

Angle of elevation
of flow out of
transition
region

IS 7SS/ 77, S 77

Figure 3, Schematic diagram of air flow generated by harvester
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magnitude of the angle would be determined by the configuration of the
harvester.

The analysis of the movement of a seed in the harvester air stream
was divided into two parts: 1) determine the mean stream velocity
required to convey the seed horizontally, 2) simulate the seed's
movement in the transition region. The analysis was limited to two

dimensions: horizontal and vertical.

Analysis of Entrainment

The relations developed by Thomas (1962) were used to estimate the
mean stream velocity required to entrain a seed in the horizontal air
flow. The effects of obstructions that would be present under actual
harvesting conditions were neglected. It was assumed that the volume
fraction of solids in the air flow would be very small, that the laminar
sublayer would be thin compared to a seed, and that the horizontal
portion of the harvester air flow was equivalent in two dimensions to
ordinary horizontal pneumatic conveying in a pipe.

Three equations from Thomas (1962) were used.

Vt DUO/ M 0.6 ﬂ)_/ 0.23
—— = 4,9 ( ) ( ) ( ) (6)
v, M HU p P
-3—=510gR-3.9 (7)
o
where R = %gﬁ (8)

Eq. (7) was solved to obtain UO. This value, the properties of standard
air, and a stream thickness of ten centimeters were used with the

physical properties of pine seeds to solve Eq. (8) and (9) by trial and
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error to obtain the minimum transport velocity. Since the density of
the seeds was not measured, it was assumed to be the same as the density
of water. Observation of seeds submerged in water supported this

assumption.

Analysis of Movement in Transition Region

Mathematical model. A mathematical model was developed to describe

the motion of a seed in the transition region. The effects of particle
rotation were neglected, the seed's coefficient of drag was assumed to
be constant, and buoyant forces were ignored. The development of the
matematical model is presented below.

Consider a seed moving in an air stream as shown in Figure 4. For
the vertical direction, the force and velocity diagrams can be put into

mathematical terms as follows.

Fy - w =my (9)
CA,;)Vr 2
where Fy = ———??JL—— (10)
Vpey = ulsin(8))-y (11)
W = mg (12)

Substituting Eq. (10), (11), and (12) into (9),

CAP (u(sin(8)-$)% - mg = nf (13)
2

Rearranging, an equation 1is obtained which describes the vertical

movement of the seed.



Figure 4.

(a) Velocity diagram

w

(b) Force diagram

Force and velocity diagrams for a seed
moving in an air stream

13



14

¥ - 2L (u(sin(M))-2 g (14)

Similar analysis yields

e ees (B)) =102 (15)
2m

for horizontal movement.

The transition region is shown in Figure 5. The dotted lines
labeled "A™, "B", "C", "D", and "E" prepresent the paths followed by
fluid particles through the transition region. The paths were
considered segments of circles centered at point C. Each fluid particle
passing through the transition region was assumed to follow a circular
path. A line was drawn from C through the transition region as shown in
Figure 5. The instantaneous velocity of each fluid particle on that
line was assumed to have the same magnitude and the same direction. The
direction of each particle's velocity is perpendicular to the radial
line.

Figure 6 shows the geometric relationship of the fluid velocity at
a point to its location. The x—axis was taken to be at ground level
under the transition region. The y-axis was taken to be at the

beginning of the transition region. In Figure 6,

X
X = agrctan (

prve) (16)

Inspection of Figure 6 reveals that x=6.



Fluid velocity

A(////,Path of fluid particle

Y

Figure 5. Schematic diagram of paths and instantaneous
velocity of fluid particles in transition
region
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Fluid velocity

Figure 6.

Diagram used in the development of an

expression for
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Thus,
6= arc tan(—z—) (17)
d-y

Eq. (14), (15), and (17) make up a system of equations that
describes the seed's movement in the transition region. It should be
noted that Eq. (14) and (15) hold only when the following conditions are

true.

for Eq. (14), u(sin(0)) >

e

e

for Eq. (15), u(cos(9)) >

Simulation. The mathematical model was used to simulate the move-
ment of a seed in the transition region for a range of air velocities.
A computer program was written using the classical fourth-order Runge-
Kutta method to integrate Eq. (14) and (15) numerically. The flow chart
for the program is shown in Figure 7.

For the simulation, the flow transition region was considered to be
bounded by two lines as shown in Figure 8. The line marked "A" was
considered the beginning of the transition region. The seed's vertical
acceleration, vertical velocity, and horizontal acceleration were
assumed to be zero at A. The horizontal velocity of the seed at A was
assumed to be the minimum transport velocity. The vertical position at
A was assumed to be four centimeters above the ground. These assump—
tions provided the initial conditions required for solution of the
differential equations. The air stream was assumed to have a sharp

boundary along the line marked "B" at a distance from point C equal to



Define functions

!

Calculate Runge-Kutta

constants for x

Calculate x, X, X

Calculate Runge-=-Kutta
constants for y

]

Calculate y, y, ¥

A

Increment time
Print time, X, ¥, X, ¥, %X, ¥

v

Calculate distance from seed
to center of paths

Yes

Print distance from center of paths
and allowable angle of elevation
of transition outlet

Pigure 7. Flow=chart for the simulation program
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Figure 8,

e}

Transition region boundaries used in the simulation
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the elevation, forty centimeters, of point C. When the seed reached
line B during the simulation, it was considered to have fallen out of
the air stream. Thus, the simulation was stopped when the seed reached
line B. The angle " @" shown in Figure 6 was calculated from the
coordinates of the seed's position at the time it crossed line B in
Figure 8. As used here, the angle corresponds to the maximum angle of
elevation of the transition that the seed could be conveyed through

without dropping out of the air stream.
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RESULTS

A summary of the physical characteristics of pine seeds is
presented in Table 1. Data for each seed can be found in Appendices A
and B. It should be noted that the coefficient of drag is not
independent of the frontal area of the seeds. Thus, the coefficient of
drag and frontal area should be used together: use of the coefficient of
drag reported here with another estimate of frontal area would produce
unreliable results. The methods and apparatus for measuring terminal
velocity were checked using plastic spheres. The results obtained for
the spheres agreed reasonably well with published data.

A value of 5.5 meters per second was obtained for the minimum
horizontal transport velocity.

The results of the simulation are presented in graphical form in
Figure 9. The air velocity in the transition region and the vertical
position of the seed at the entrance to the transition region were
varied during the simulation. In each graph in Figure 9, the transition
region air velocity was plotted horizontally, and the maximum angle of
elevation of the transition region outflow was plotted vertically.
Thus, the graphs show the effect that an increase in air velocity in the
transition region has on the ability of the air stream to lift a seed.
Each graph corresponds to a different initial seed elevation, allowing
the effects of initial seed elevation to be evaluated. Because of the
simplicity of the model and the number of assumptions made, the results
of the simulation should be used only as a source of qualitative

information.



Table 1. Physical Characteristics of Slash Pine Seeds

Characteristic Mean* Standard Deviation#*
Mass 0.063 g 0.013 g
Dimensions D1 7.99 mm 0.421 mm

D2 5.70 mm 0.313 mm

D3 3.55 mm 0.192 mm

Frontal area
Terminal velocity

Coefficient of drag

26.0 square mm
7.9 m/s

0.63

1.85 square mm
0.821 m/s

0.065

*Based on two hundred

seeds.
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CONCLUSIONS

The following conclusions were drawn from the project's results:

(1)

(2)

(3)

The maximum allowable angle of elevation of the transition
region depends primarily upon the initial elevation of the

seed in the air stream entering the transition region.

Changes in the air velocity in the transition region have

relatively little effect on the allowable angle of elevation.

The direction of the transition region outflow in a harvesting

machine should be as close to horizontal as possible.
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RECOMMENDATIONS FOR FURTHER STUDY

Based on the experience gained in this project, the following

recommendations for further study are made.

1) An experimental air intake should be used to further investigate
the effects of changes in air velocity and the angle of eleva-

tion of the flow out of the transition region.

2) The problem of entrainment should be considered in more detail:
the effects of grass and other obstructions on the mean stream

air velocity required for entrainment should be investigated.
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