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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

tally was calculated as being 5.5 meters per second. A mathematical

Information was obtained to aid the development of a pneumatic pine

seed harvester. Hethods from related research were used to determine

the characteristics of slash pine seeds:

Mass

Frontal area

Terminal velocity

Coefficient of drag

0.63 g

26.0 rnm2

7.9 mls

0.63

The minimum air stream velocity for conveying the seeds bo r Lzo n+

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 proj ect 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.
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OBJECTIVES

The project's objectives were as follows:

1) Identify the critical parameters for pneumatically lifting

pine seeds from a horizontal surface.

2) Analytically evaluate the pneumatic lifting of pine seeds from

a horizontal surface.

3) Develop an experimental apparatus based on the analytical

evaluation.

4) Correlate the performance of the experimental apparatus wi th

the results of the analytical evaluation.
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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 ale (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 ale (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. In addition to determining the terminal velocity of

the seeds, Bilanski et ale (1962) and Hawk et ale (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 ale (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
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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 ale (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

veloci ty 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.

II

S CAe (u _ 8)2
2m

(1)

West (1972) used two equations which are similar to Eq. (1) for

predicting the horizontal and vertical movement of particles moving

through an air stream.
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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.

analytical balance.

The mass of each seed was measured with an

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 adj ustable 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

t
r

Front view

Figure 1. Major dimer�ions of pine seeds
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Figure 2. Appa.ratus for determining terminal velocity
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nozzle had been calibrated during a previous proj ect 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

bot tom of the test section. A small increase in the air veloci ty 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 veloci ty was increased in small

increments and allowed to remain constant for two minutes. The

incremental veloci ty 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
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solving Eq. (5) for Vt 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.

Re
DVtl'
JA

(2 )

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

air were calculated as follows.

I' = 0.46449 (f) (3)

p = 2.414 x 10-7 (T)0.76 (4 )

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

its terminal velocity was taken to be

C (5)

Description of Flow Pattern

A simplified flow pattern for a pneumatic harvester was developed

to aid analysis. The flow pa ttern 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. In 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
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region\
Angle of elevation

of flow out of
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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 transi tion 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 DUoI' )J 0.6 �-fJ 0.23
4.9 (-) (iilJ) (---,--)Uo )A- of>

U
5 log R - 3.9

Uo

where R HUf
P

(6)

(7)

(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 veloci ty. Since the dens i ty 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.

'.

my (9)

where Fy (10)

u(sin(9))- Y (11 )

w = mg (12)

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

CAf (u(sin(6))-y)2 - mg
2

my (13)

Rearranging, an equation is obtained which describes the vertical

movement of the seed.
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u

v

(a) Velocity diagram

F

w

(b) Force diagram

Figure 4. Force and velocity diagrams for a seed

moving in an air stream
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.. CAl'
2m (u(sin('»-y)2 -g (14)y

Similar analysis yields

;c =
CA I'

2m
(u(cos(9»-x)2 (15 )

for horizontal movement.

The transi tion 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 transi tion 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 veloci ty 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,

arctan (_x_)
d-y

(16 )

Inspection of Figure 6 reveals that ex = 8 .
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c

Fluid velocity

y

Figure 6. Diagram used in the development of an

expression for e
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Thus,

e = arc tan(�)
d-y

(17)

Eq. (14), (15), and (17) make up a system of equations that

describes the seed's movement in the transi tion region. It should be

noted that Eq. (14) and (15) hold only when the following conditions are

true.

for Eq. (14), u(sin(8» > y

for Eq. (15), u(cos(6» > x

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



Calculate Runge-Kutta� �

constants for x

. ..

x, x

Calculate Runge-Kutta
constants for y

Print time, xt Yt xt y, X, Y

Calculate distance from seed
to center of paths

Yes

Print distance from center of paths
and allowable angle of elevation

of transition outlet

Figure 7. Flow-chart for the simula.tion program
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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
..

9" 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 veloci ty in the transi tion region and the vertical

posi tion of the seed at the en trance to the transi tion 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.
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Table 1. Physical Characteristics of Slash Pine Seeds

Characteristic Mean* Standard Deviation*

Mass 0.063 g 0.013 g

Dimensions Dl 7.99 mm 0.421 mm

D2 5.70 mm 0.313 mm

D3 3.55 mm 0.192 mm

Frontal area 26.0 square mm 1.85 square mm

Terminal velocity 7.9 m/s 0.821 mls

Coefficient of drag 0.63 0.065

*Based on two hundred seeds.
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CONCLUSIONS

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

(1) 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.

(2) Changes in the air veloci ty in the transi tion region have

relatively little effect on the allowable angle of elevation.

(3) 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 me an stream

air velocity required for entrainment should be investigated.
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APPENDIX A: EXPERIMENTAL DATA



EXPFRIMF.:NTAL DA TA FOR PINE SEEDS

SFt=D ;\j() • D(MF:NSIONS ( M r� ) MASS ( G ) TER�[NAL TEMP. e c ) BAR. PRESS.
!J 1 D? I)] VEL. ( M/S) (MM HG)

8.25 5.qS 3.50 0.03500 6.4 24.2 737.9

2 7.85 6.10 3.65 0.035?5 6.6 24.2 737.9

3 B.60 5.7C) 3.55 0.03932 6.9 24.2 737.9

4 7.95 5.70 .3.25 0.05601 7.5 24.2 737.9

r-) 8.00 5.d':> ,1.45 0.06804 8.2 24.2 737.9

() l.70 5.7ej 3.20 0.05754 8.2 24.2 731.9

7 "1.40 s , HI> 3.65 0.06993 8.4 24.2 737.9

H 7.4'5 4.85 3.45 0.05733 8.4 24-.2 737.9

9 8.50 5.qc::; 3.75 0.07932 8.4 24.2 737.9

1 0 :1.00 4.95 �.40 0.05825 B.4- 24.2 737.9

1 1 7.<)0 6.00 3.50 0.07350 8.4- 24.2 737.9

1 2 ':i.60 �) • as 3.60 0.07196 B.4- 24.2 737.9

t -.5 8.55 5.75 3.55 0.05990 R.4 24.2 737.9

14 B.05 '5. r 0 3.65 0.07149 8.0 24.? 737.9

1 '-) l.7S 5./�f) ].20 0.07231 8.6 24.2 737.9

N
(X)



F Xr�Er� I MEN T AL DATA FOf� PINE SEEDS (CONTINUED)

SECD NO. D I MEN�. lONe; ( M.\1 ) MASS (G ) T ER�� I NAL TEMP. e c ) 84R. PRESS.

D 1 1)2 03 VEL. (M/S) C MM HG)

t (, 7.75 5.60 3.40 0.05863 B.6 24.2 737.9

1 7 7.55 4.HO 3.50 0.05500 8.6 24.2 737.9

1 B .3.10 5.55 3.60 0.06916 8.6 24.2 737.9

1 (_) t1.?5 6.4S 3.80 0.OA866 8.6 24.2 737.9

20 g. 10 5.85 3.50 0.01256 8.6 24-.2 737.9

21 .'3.10 5.55 J.55 0.06408 8.6 24.2 737.9

22 7.nS s , 25 3.40 ().05950 8.6 24.2 737.9

2] R.OO 6.00 3.60 0.07626 q. 1 24.2 737.9

2 �� 8.05 5.nC) 3.70 O.J73f30 9.3 24.2 737.9

25 7.60 s , 7S 3.80 0.07226 9.4 24.2 737.9

26 7.RO 5.rc) 3.65 0.03486 6.2 24.4- 738.1

27 7.80 S.RO 3.70 0.0]'.40 6.2 24.4 738.1

?'i 7.65 5.70 3.5S 0.03262 6.2 24.4 738.1

?9 d. ()5 c).50 3.45 0.04540 6.9 24.4 738.1

10 7.65 ';.70 3.10 0.06065 7.5 24.4 738.1

N
I..D



[XPER I MENTAL nATA FOR PINE SEEDS (CONTINUED)

SEED NO. o [r-1F.NS ION::; ( Mt'" ) MASS ( G) TERMI NAL TEf-4P. (C ) BAR. PRESS.
.) 1 D2 03 VEL. ( M/S ) ( MM HG)

31 H.lS 6.25 3.75 0.07920 7.9 24.4 738.1

:l2 7.45 �) .40 3.20 0.05630 7.9 24.4 738.1

33 8.35 S.e5 3.35 0.07149 7.<) 24.4 738.1

34 8.05 6.00 3.4·5 0.07180 8. 1 24.4- 738.1

35 7.30 6.00 3.50 0.05690 8. 1 24.4- 738.1

36 7.50 5.80 3.35 0.05609 8. 1 24.4 738.1

'17 7.25 5.60 3.45 0.06230 8.2 24.4- 738.1

)a 7. 75 5.0n 3.60 0.05924 R.2 24.4- 738.1

]Q ��. 55 S.70 3.�5 0.06875 8.2 24.4- 738. t

/� 0 9.00 h.OO 3.45 0.07831 8.2 24.4- 738.1

4 1 7.70 6.00 3.55 0.06805 8.4 24.4 738.1

42 7.9') 6.25 3.60 0.07561 8.4 24.4 738.1

43 1.95 5.80 � .65 0.06789 8.6 24.4 738.1

44 7.8:) (:.. o S 3.65 0.07085 a.8 24.4- 738.1

I" �_:, 8.70 5.8':> J.70 0.08000 8.8 24.4- 738.1

w
0



EXDER[Mf"�TAL DATA ,OR PINe SEEDS (CONTINUED)

sr. ED NO. DI MEt�S I UW> ( MM) MASS ( G ) TERMINAL TEMP. (C ) BAR. PRESS.
f)l D2 D3 VEL. ( M/S) (114M HG)

\

(� 6 7.90 5.00 3.65 0.06253 8.8 24.4 738.1

47 7.70 f,. 1 :-> 3.70 0.00999 8.8 24.4- 738.1

4F3 7.80 5.9�-) 3.50 0.01233 8.8 24.4 738.1

t� 9 R.60 S.BO 3.40 0.07511 8.8 24.4- 738.1

�o R.I0 5.2:> 3.60 0.06522 9.3 24.4 738. t

Sl 7.80 6.10 3.65 0.03700 6.2 25.0 737.9

52 (3. 15 5. B') 3.t5 0.06026 7.3 25.0 737.9

53 7. 75 5.90 3.30 O. Of· 237 7.5 25.0 737.9

54 I.A,) 5.">0 3.95 0.06211 8. 1 25.0 737.9

55 E3. t 0 5.0c) 3.55 0.06920 8. 1 25.0 737.9

'16 n.on 5.65 3.50 0.064QO B. t 25.0 737.9

:57 9.00 5.75 3.25 0.0108f3 R. 1 25.0 737.9

5� 1.95 6.05 3.60 0.07070 8.2 25.0 737.9

�9 7.40 �.f,O 3.35 0.05854 8.2 25.0 737.9

60 r , Q o 4 • H f5 3.45 0.05650 A.4 25.\) 737.9

LV
......



F XPF.:r� [MENT AL DATA FOR PINE SEEDS (CONTINUEO)

SEef) f..JO. DI MENS JOf'JS ( MM ) MASS (G ) TERMINAL TEMP. ( C » BAR. PRESS.
f) 1 02 03 VEL. (,.·,vS) (MM HG)

61 7.10 S.7':) 3.55 0.06637 8.4 25.0 731.9

(,2 f3.30 5.60 3.5S 0.06856 8.4 25.0 137.9

63 8.25 S.65 3.20 0.06252 8.4 25.0 137.9

6,'! 7.00 6.10 3.50 0.06687 8.4 25.0 737.9

65 3.40 �.60 3.75 0.06977 8.6 25.0 737.9

66 7.35 5.40 3.10 0.04734 8.6 25.0 137.9

67 B.25 5.MO 3.45 0.07331 8.6 25.0 737.9

6n a.60 5.60 3.50 0.07088 8.6 25.0 737.9

(,9 d.65 5.6 'j �.85 0.01641 8.8 25.0 737.9

70 7.70 5.7':) 3.60 0.06750 8.8 25.0 137.9

71 7.95 5.(O,,} 3.50 0.06626 8.9 25.0 737.9

7:·') 7.6(=) 4.95 3. -'S 0.06514 8.9 25.0 137.9

71 3.55 5.;)') 3.flO 0.08230 8.9 25.0 7.37.9

74 '3. 10 5.70 3.50 0.06650 9.3 25.0 737.9

-, �) q.55 6 • 1 r; 3. 5�., 0.07348 9.4 25.0 737.9

LV
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LXDEQIMENTAL DATA FOR P (t.JE SEEDS (CONTINUED)

SFEO Nl1. DIMENSIONS ( MM ) MASS ( G ) TERMINAL TEMP. (C ) BAR. PRESS.

01 D2 03 VEL. ( M/S , (MM HG)

76 7.95 5.90 3.15 0.06300 7.5 24.4 737.1

77 7.8:; 5.10 3.25 0.05207 7.9 24.4- 737.1

7F' 8.20 6.0Q 3.60 0.07304 8.1 24.4 737.1

7<) q.1O 5.75 3.10 0.06089 8.2 24.4 737. 1

AO 7.90 5.00 3.55 0.06292 8.2 24.4- 731.1

(J I fJ.65 0.20 3.60 0.00029 8.2 24-.4 737.1

H2 7.9") '). f·5 3.55 0.06519 8.4 24.4- 737.1

q1 R.30 5.95 3.55 0.07530 8.4- 24.4 137.1

84 8.00 S. () 0 3.5S 0.06794 8.4- 24.4 737. 1

!is 7.50 4.90 3.50 0.05531 8.4 24.4- 737.1

�tJ q.45 6.0":; 3.35 0.07477 8.4- 24.4 737.1

£17 8.20 5.9J 3.60 O.06B44 8.4- 24.4- 737.1

tHJ i3. 10 5.80 3.40 0.06629 8.4- 24.4 737.1

A<) 7. 05 5.20 3.45 0.05403 8.4 24.4 737.1

qo A.50 ").90 3.2S 0.07311 8.4 24.4- 737.1

w
w



EX.flF:RIMENTAL DATA FOR PINE SEEDS (CONTINUED)

SEED NO. OI:"'F:NSIONS ( f-1 M ) MASS ( G ) TERMINAL TEMP. (C ) BAR. PRESS.

01 D2 03 VEL. (M/S) (MM HG)

91 B.25 6. 1 0 3.85 0.07959 8.4 24.4- 737.1

<12 1.40 5.60 ].55 0.06117 8.6 24.4 731.1

9:1 7.91 6. 2�) 3.70 0.07602 8.6 24.4 737.1

gIl 7.05 5.6S 3.80 0.04791 8.6 24 •• 737.1

9:) 7.70 5.55 3.60 0.06469 8.6 24.4 737. 1

q6 7.40 5. () 0 3.70 0.07309 8.9 24.4 737.1

97 7.85 5.R5 3.15 0.07231 B.9 24.4 737. 1

0n R.7S 5.1,') 3.70 0.07518 8.9 24.4 731.1

00 8.75 6.00 3.75 0�OR2]2 9. 1 24.4 137.1

100 7.95 S.q<=) 1.60 0.07299 9.6 24.4 737. 1

1 01 '3.40 5.80 ].15 0.02443 5.7 24.7 736.9

1 02 7.4:) '-) • 7�) :1. :)0 0.03309 6.2 24.7 736.9

1 o �� 7. 70 6.10 3.60 0.03460 6.4 24.7 736.9

1 04 7.95 5.(.0 3.40 0.03740 6.6 24.7 736.9

1 O�) ��. 20 '"').70 3.90 0.06968 7.5 24.1 136.9

w
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EXPERIMFNTAL DA T A FOR PINE SEEDS (CONTINUED)

SEED NO. D I �F -"IS I (INS ( M M) MASS ( G ) TERMINAL TE .... P. (C ) BAR. PRESS.

o 1 D2 os VEL. ( M/S) ( MM HG)

I Of) 8.05 5.60 3.40 0.06307 7.9 24.7 136.9

t07 8.35 5.60 3.20 0.06837 8.1 24.1 136.9

1 OR 7. 75 5. O�) 3.35 0.05466 8. 1 24.1 736.9

1 o 9 7.q5 5.70 3.80 0.06658 8. 1 24.7 136.9

110 7.95 5.55 3.35 0.0619<) 8.2 24.7 736.9

1 t 1 7.80 5.65 3.70 0.OS8n7 8.4 24.1 736.9

1 1 2 8.€10 s , 70 3.50 0.07798 8.4 24.7 736.9

1 1 3 7.75 5.40 3.90 0.05493 8.4 24.7 736.9

1 14 9.40 6.00 3.90 0.07327 8.4 24.7 736.9

1 1 5 .q. 20 5.65 3.50 0.06666 8.4- 24.7 736.9

1 16 7.50 5.55 3.55 0.06470 8.8 24.7 736.9

1 1 7 B.2'i 'i.60 3.60 0.07122 8.8 24.7 736.9

1 t R ;, • 1.0 �) • 7 r) 3.55 0.07291 8.8 24.7 736.9

1 t <) H.15 5.CJO 3.60 0.07467 8.8 24.7 736.9

120 O.?5 5.<)5 3.45 0.0(·910 8.9 24.7 736.9

LV
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F. XllER I MFNT AL DATA F OF� PfNF SEEDS (CONTINUED'

SFFO Nn. DI�:::NSION5 ( MM) MASS (G ) TERMINAL TEMP. r c i BAR. PRESS.

o 1 D? 03 VEL. ( M/S ) (MM HG)

121 7.40 ').90 4.00 0.0760g 8.9 24.7 736.9

122 1.3.60 5.90 3.40 0.08004 8.9 24.7 136�. 9

123 :1.1"'0 6.0c) 3.70 0.0794] 9. 1 24.7 736.9

124 R.25 5.50 3.70 0.07557 9.4- 24.7 736.9

125 H.40 5.70 3.AO 0.0 776 �1 9.4 24.7 736.9

1 ;� 6 8.30 5.7') 3.75 0.03337 5.9 26.4 730.5

127 A.05 5.90 3.90 0.03806 5.9 26.4 730.5

128 0.95 f).OS 3.40 0.03077 6.2 26.4 730.5

129 7.AO :, • 6 'j 3.40 0.03794 6.4 26.4 730.5

1 10 7.95 �). 70 3.65 0.03514 6.4 26.4 730.5

III n.20 �) .2') 3.80 0.0350H 6.6 26.4 730.5

1 32 <J.OO �.70 1.40 0.0604/+ 1.5 26.4 730.5

1 3:3 8.�) 0 5.9"5 3.30 0.071'J7 7. -, 26.4- 730.5

1 :l IJ 7. (,0 5.70 3.40 0.06116 7.7 26.4 730.5

1 35 7.8S ').50 3.60 0.06253 7.1 26.4- 730.5

w
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FXPEf� I �fNTAL DATA FOR PINE SEC-OS (CONTINUEO)

SEED NO. Dli'-iENS IONS (MM) MASS (G) TERMINAL TEMP. (C) BAR. PRESS.

01 D2 03 VEL. {M/S) (MM HG)

1 In 7.40 5.45 3.55 0.05899 7.9 26.4- 730.5

1 17 -'.80 5.)() 3.30 0.06133 B. 1 26.4- 730.5

IJR _q.55 c).10 3.50 0.06045 8.1 26.4- 730.5

1 39 7.40 5.35 3.25 0.05526 8. 1 26.4- 730.5

140 '1.00 5.Rf) 3.50 0.07000 R.2 26.4 730.5

1 If 1 '7.60 5.50 3.30 0.06249 8.2 26.4- 730.5

1 If 2 7.7) 5.60 3.75 0.06271 8.2 26.4- 730.5

143 7.20 6.00 3.70 0.06773 8.2 26.4- 730.5

I Ii- 4 FJ. 9 o 5.95 3.60 0.07710 8.2 26.4- 730.5

145 d. 10 5.00 3.60 0.06413 8.4- 26.4- 730.5

14h a. 10 5.5S O3. 75 0.07252 8.4- 26.4- 730.5

147 B.20 6.0n 3.45 0.07197 8.6 26.4- 130.5

148 f1.05 '5.70 3.70 0.07048 8.8 26.4- 130.5

1 ,'. q 7.95 5 • (�5 3.90 0.08195 �.8 26.4- 130.5

1 ') 0 1.45 "1.70 3.60 0.06477 8.8 26.4- 730.5

w
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EXt""lEQ 1M FN TAL OA T A FOR PINE SEEDS (CONTINUED)

SEED NO. DIMENSIUNS ( �H1) MASS ( G ) TERMINAL TEI.... P. (C) BAR. PRESS.

D 1 f)2 D3 VEL. ( M/5) ("4t-1 HG)

1 51 7.25 5.65 .3.':)5 0.03083 5.9 26.0 729.0

152 7.25 6.15 3.50 0.03510 5.9 26.0 729.0

153 8.70 5.")5 3.80 0.03503 5.9 26.0 729.0

1 54 8.05 6.40 3.60 0.03938 6.2 26.0 729.0

1 5� d.05 S.RO 4.15 0.04106 6.9 26.0 729.0

1SA 7.85 5.60 3.RO 0.03860 6.9 26.0 729.0

157 7.()0 5.30 3.60 0.04424 6.9 26.0 729.0

I C),� 8.35 6.20 3.80 0.08298 7.5 26.0 729.0

1 ")<) 7.95 5.75 3.15 0.063t8 7.7 26.0 729.0

l60 7.8') 5.65 3.60 0.06299 'r :r 26.(} 729.0

161 8.35 �.70 3.20 0.06453 7.7 26.0 729.0

162 1.95 4.'10 3.60 0.05786 7.9 26.0 729.0

1 e. �� 8.20 4.RO .J.55 0.06178 7.9 26.r:l 729.0

1 64 7.50 -s , '0 3.60 0.05767 8. 1 26.0 729.0

1 f) 5 3.65 r') • ii 0 3.55 0.071.,72 8. 1 26.0 729.0

w
00



FXPFRIMENTAL DATA FeR PINE SEEDS (CONTINUED)

SEED NO. OI'WNSrONS (MM) MASS ( G ) TE"RMINAL TEMP. (C ) BAR. PRESS.

D 1 02 03 VEL. ( M/S ) ( MM HG)

If>f; 8.10 5.70 3.80 0.06600 8.2 26.0 72Q.O

167 7.95 5.7 r) 3.40 0.06774 8.6 26.0 729.0

168 .'3.20 �) • 75 3.85 0.08016 8.6 26.0 729.0

169 d.20 6.00 3.�5 0.0'7485 8.6 26.0 129.0

1 70 (3. 10 5.45 3.60 0.06773 8.6 26.0 729.0

1 71 ;).00 5.00 "] .,,5 0.06157 8.6 26.0 729.0

1 72 '1.20 5.85 3.75 0.07451 8.8 26.0 729.0

1 73 ,Ii. so 5.70 3.�0 0.0716'l 8.8 26.0 729.0

1 -, 4 7.135 S.Re) 3.55 O.068�8 8.8 26.0 729.0

1 7S 8.50 s.no 3. t.i 5 0.074&)7 9.4 26.0 729.0

1 76 7.90 s , r» 3.45 0.03190 5.4 25.A 729.0

177 7.75 S.60 3.45 O.O()OOB 7.3 25.8 729.0

1 r e 1'1.05 5.60 3.45 0.0539H 7.5 25.8 729.0

1 79 6.90 5.75 3. (! 0 O.O394? 7.5 25.8 729.0

1 .'10 7.BO Cj .60 3.tiO 0.06550 7.7 25.8 729.0

w
\0



EX ::lEI� I MENTAL DATA FOR PINE SEEDS (CONTINUED)

SFFD NO. DIMFNSIONS ( 1-.1 M ) MASS ( G ) TERMINAL TEMP. ( C ) BAR. PRESS.

01 n.� 03 VEL. ( M/S) (MM HG)

1 81 7. -r 0 5.7C) 3.35 0.06357 7.9 25.8 729.0

1 '3? 7.95 6.00 3.50 0.06786 8. 1 .�5.8 129.0

In) H.30 5.75 3.55 0.06532 8.1 25.8 129.0

1 84 7.90 f).00 3.60 0.07024 A. 1 25.8 729.0

IRS 7.95 5.3S 3.20 0.06221 8.1 25.8 729.0

1 86 7.85 5. e o 3.65 0.07200 B.2 25.8 129.0

1 d I 7.20 5.20 3.75 0.05697 8.2 25.8 729.0

1 8f3 n.oo 5.70 J.85 0.07099 8.2 25.8 729.0

189 3.00 5.60 3.35 0.06404 8.2 25.8 729.0

lqo 7.50 f).OS 3.40 0.06340 8.4 25.8 729.0

1 91 :::\.05 5.45 3.80 0.07047 8.4 25.8 129.0

1 g2 7.9") 6.00 3.50 O.0705B 8.4 25.8 129.0

1 93 Q.2S '5.65 3.70 0.07376 8.4- 25.8 129.0

194 :1.2,,) f... 1 0 3.85 0.07799 8.4- 25.8 729.0

1 <)�) 7.85 5.60 3.10 0.05317 8.4 25.8 729.0

+'-
0



EXPERIMENTAL DATA FOR PINE SEEDS (CONTINUED)

SEFI) NO. DTf-1ENSIONS (MM) r...1ASS ( G ) TERMINAL TEMP. ( C ) BAR. PRESS.
Dl f)2 03 VEL. (1-4/5) (MM HG)

196 �.OO 5.65 3.50 0.06739 8.8 25.R 729.0

197 8.00 5.10 3.60 0.06544 8.8 25.8 729.0

198 8.20 5 • .':10 3.40 0.06666 8.8 25.8 729.0

lq� 7.90 5.75 3.55 0.06883 8.8 25.8 729.0

200 b.RO 5.es 3.60 0.05218 9.3 25.8 729.0

-------------- MEAN --------------

7.99 5.70 3.55 0.06315

------- STANDARD DEVIATION -------

0.421 0.3 t 3 0.192 0.01302

+'
r--



 



SEED NO.

?

3

4

'5

(1

7

p

9

1 :)

1 1

12

1 J

1 I.

15

FRONTAL AREA

(SO. MM)

2-'."34

27.03

27.81

24.92

26.12

24. 19

24.92

21.65

2E3.91

23.33

26.4?

2,'3.43

27.dl

26.42

23.13

CALCULATED DATA FOR PINE SEEDS

STD. AIR TERMINAL

VELOC ITY OVS)

REYNOLDS NU�BER

6.2

6.4

6.7

7.3

8.0

8.0

8.2

8.2

8.2

8.2

8.2

8.2

8.2

8.3

8.3

2379.

2450.

2571.

2661.

2995.

2883.

2991.

2788.

3221.

2894.

3080.

3195.

3159.

3141.

2q51.

COEFFICIENT

OF DRAG

0.532

0.505

0.512

0.680

0.652

0.596

0.672

0.635

0.658

0.598

0.667

0.607

0.516

0.623

0.714

�
w



CALCULATEO DATA FOR PINE SEEDS (CONTINUED)

SEED NO. FRONTAL Ar�E A STD. AIR TERMINAL REYNOLOS NUMBER COEFFICIENT
(SQ. M�) VELOC ITY (M/S) OF DRAG

t6 24.4B 8.3 3024. 0.552

1 7 21.92 8.3 2861. 0.578

111 25.97 8.3 3114. 0.614

19 ?9.H7 8.3 3339. 0.684

20 26.�7 8.3 3150. 0.629

2 l 25.82 8.3 3105. 0.572

22 23.76 8.3 2978. 0.577

23 27.03 8.8 3363. 0.580

?4 27.03 9.0 3425. 0.541

2� 25. (, 7 9. 1 3392. 0.540

?6 25.H2 6.0 2221. 0.607

27 26.12 6.0 2234. 0.592

2R 24.02 6.0 2182. 0.588

29 27. 0 � 6.7 2531. 0.608

]0 ?J.61 7.3 2587. 0.778

�
�



CALCULATEU DATA FOR PINE SEEDS (CONTINUED)

SEE!) NO. FRONTAL AREA ST D. AIR TERMINAL REYNOLDS NUMBER COEFFICIENT
( Sq. �H" ) VELOCITY (M/S) OF DRAG

11 28.75 7.6 2999. 0.756

32 22./l-B 7.6 2652. 0.687

33 ?f>.BR 7.6 2900. 0.130

34 26."13 7.8 2959. 0.104

35 24.63 7.8 2841. 0.605

36 24. 19 7.8 2815. 0.608

37 23.19 8.0 2819. 0.673

:18 21.::33 8.0 2827. 0.636

:19 27.:14 8.0 3061 • 0.630

40 ?9.71 8.0 3190. 0.660

I� 1 25.97 8.2 3049. 0.628

42 27.49 8.2 3137. 0.659

43 26.42 8.3 3137. 0.592

44 26.73 8.5 3216. 0.588

45 29.07 8.5 3354. 0.610

�
V1



CALCULATED DATA FOR PINF SEEDS (CONTINUEO)

SEED NO. FRONTAL AREA STD. A(R TERMINAL REYNOLDS NUMBER COEFF rc lENT

(SQ. MM) VELOCITY (M/S t OF DRAG

4A 23.90 8.5 3042. 0.580

47 26.138 8.5 3226. 0.577

�9 25.97 8.5 3170. 0.618

49 27.65 8.5 3271. 0.602

50 �5.07 9.0 3294. 0.5l6

51 26.8H 6.0 2258. 0.620

52 25.67 7.t 2611. 0.755

')) 25.07 7.3 2656. 0.755

54 26.12 7.8 2915. 0.631

55 27.03 7.8 2965. 0.672

56 25.07 7.8 2889. 0.664

57 2R.27 7.8 3033. 0.658

SR 27.03 8.0 3032. 0.657

C)q 2J.13 8.0 2817. 0.630

60 22.90 8.2 2853. 0.593

+:--
0'\



CALCULATED DATA FOR PINE SEEDS (CONTINUED)

SEED NO. FRONTAL AREA STD. AIR TERMINAL REYNOLDS NUMBER COEFFICIENT

(SO. �'1 'v1 ) VELOCITY (M/S) OF DRAG

61 25.22 8.2 2994. 0.632

62 26.57 8.2 3073. 0.620

63 25.5? 8.2 3012. 0.589

64 24.05 8.2 2C)24. 0.668

()5 27.49 8.3 3lB8. 0.586

An 21�92 8.3 2847. 0.499

67 26.73 8.] 3143. 0.634-

6B 27. -14 B.J 3179. 0.599

6q 28.75 8.5 3324. 0.591

70 25. ,�� 7 8.5 3122. 0.591

71 2:). <z 8.7 319 t • 0.556

7 ') 23.33 8.7 3051. 0.598
c_

73 ;-><).22 8.7 3415. 0.603

74 26.71 9.0 3389. 0.495

75 29.07 q. 1 3592. 0.486

�
'-'



CALCULATED DATA FOR PINE SEEDS (CONTINUED)

SEr:::O NO. FRO"H AL AREA ST o , AIR TERMINAL REYNOLOS NUMBER COEFFICIENT

( sa. MM) VELOCITY (M/S) OF DRAG

76 25.1:)2 7.3 2701. 0.740

77 22.90 7.6 2673. 0.625

78 27.65 7.8 3006. 0.693

79 25.01 8.0 2<)27. 0.609

80 2].61 8.0 2841. 0.668

81 2c).71 8.0 3186. 0.678

82 25.f-.7 8.2 3027. 0.610

83 27.65 8.2 3142. 0.654

84 25.67 8.2 3027. 0.636

85 2?06 8.2 2807. 0.602

86 21.81 8.2 3151. 0.646

81 21.34 8.2 3124. 0.601

88 26.12 8.2 3054. 0.609

89 21.:11 8.2 2771. 0.603

90 2 7. 1 g 8.2 3115. 0.646

�
00



CALCULATED OATA FOR PINE SEEDS (CONTINUED)

SEED NO. FRONTAL AREA STD. AIR TERMINAL REYNOLDS NUMBER COEFFICIENT
<SQ. t.H-1 ) VELOC ITY (M/S) OF DRAG

91 28.'>1 8.2 3213. 0.661

92 23.90 8.3 2979. 0.591

q3 27.Bl 8.3 3213. 0.631

94 23.76 8.3 2970. 0.465

95 24.78 8.3 3033. 0.603

96 24.34 8.7 3124. 0.642

97 26.57 8.7 3264. 0.582

9[3 28.75 e.7 3395. 0.559

99 2q.e7 8.8 3525. 0.568

1 ') 0 26.73 9.3 3508. 0.508

101 26.27 5.5 2051. 0.497

1 02 24. 1 9 6.0 2143. 0.616

101 26.4� 6.2 2328. 0.546

104 25.07 6.4 2349. 0.580

1 05 27.65 7.3 2790. 0.765

�
\0



CALCULATED DATA FOR PINE SEEDS (CONTINUED)

SFEO NO. FRONTAL AREA STD. AIR TERMINAL REYNOLDS NUMBER COEFFICIENT
(SQ. Mr-1 ) VELOCITY (M/S) OF DRAG

l06 2�.37 7.6 2808. 0.684

lO7 25.67 7.8 2890. 0.700

1 0 '3 22.76 7.8 2722. 0.631

1 09 26. �)7 7.8 2941. 0.658

1 1 0 2�.78 8.0 2904. 0.628

1 1 1 25.A7 8.2 3021. 0.550

1 12 28.27 8.2 3171. 0.663

1 1 , 25.37 8.2 3004. 0.521

1 14 2q.22 8.2 3224. 0.603

1 15 2 c , 2 r R.2 3056. 0.610

1 t 6 24.C>'5 8.5 3041. 0.598

1 1 7 ?(,.�7 8.5 3196. 0.596

I 1 R 27 • .34 8.5 3242. 0.593

1 1 q 27. 19 8.5 3233. 0.611

120 .?1.19 8.6 3295. 0.544

lrl
0



C-\L(ULATED DATA FOR PINE SEEDS (CONTlNUEO)

SfTO NO. FRONTAL AREA ST D. AIR TERr� I NAL REYNOLDS NUMAER COEFFICIENT
( SO. I\1M) VELOCITY (M/S) OF DRAG

I 21 26.12 8.6 3229. 0.624

122 27.96 8.6 33�2. 0.613

123 28.5<) S.A 3442. 0.573

1 24 26.57 9. 1 3435. 0.547

125 27.q6 q.l 3524. 0.535

126 27.49 5.7 2154. 0.601

1�7 27. t� 1 5.7 2166. 0.678

128 23.47 5.9 2072. 0.599

129 24.78 6.2 2213. 0.647

130 26.12 6.2 2272. 0.569

1 31 25.97 6.4 2347. 0.532

1,12 ?d.5q 7.2 2785. 0.651

t 33 27.49 7.4 2803. 0.756

1 -�4 24.14 7.4 2637. 0.735

1 ]!') ? ',).07 7.4 2677. 0.729

Vl
I--'



C<\LCULATED DATA FOR PINE SEEDS (CONTINUED)

SEED NO. �RONTAL AREl\ STD. AIR TERMINAL REYNOLDS NUMBER COEFFJCIENT
(SQ. i't11'1 ) VELOC I TY (M/S) OF DRAG

llh 23.47 7.6 2652. 0.701

137 23.47 7.8 2713. 0.696

1 �W 25.67 7.8 2837. 0.628

11Q 22.14 7.8 264-7. 0.659

140 26.12 7.9 2927. 0.683

1 41 23.47 7.9 2775. 0.678

142 25.37 7.9 2885. 0.630

1 4] 24.92 7.9 2859. 0.692

1 t� 4- 2S;.71 7.9 3121 • 0.661

115 24.34 A. 1 2888. 0.643

146 2A.42 e. 1 3009. 0.669

147 27. 19 8.3 3113. 0.621

148 26.57 8.4 3138. 0.598

1 4q 27.65 8.4 3201. 0.669

1 50 24.48 8.4 3012. 0.597

\Jl
N



CALCULATED DATA FOR P(NE SEEDS (CONTINUED'

SEF.D NO. FRONTAL AR�A STD. AIR TERMINAL REYNOLDS NUMBER COEFFICIENT
( SO. \1M) VELOCITY (M/S) OF DRAG

t 5 t 23.61 5.7 1996. 0.647

152 ?4.92 5.7 2051. 0.698

1 53 28.t�3 5.7 2191. 0.61 t

154 28.43 5.9 2281. 0.633

155 28.27 6.6 2534. 0.535

1 '36 25.97 6.6 2428. 0.548

IS7 25.2? 6.6 2393. 0.647

158 29.]R 7.2 2824. 0.871

1 5<) 25.37 7.4 2693. 0.729

I ()O 25.37 7.4 2693. 0.727

I 61 25. ()7 7.4 2125. 0.727

162 ?3.61 1.6 2660. 0.684-

103 23.90 7.6 2676. 0.722

164 24.63 1.7 2780. 0.624

1 AS 28.�7 7.7 2978. 0.705

V1
w



CALCULATED DATA FOR PINE SEEDS (CONTINUED)

SFFD NO. FRONTAL ARFA STD. AIR TERMINAL REYNOLDS NUMAER COEFFICIENT

(SO. �-1 M ) VELOC lTY (M/S) OF DRAG

t66 2-'.03 7.9 2978. 0.623

167 25.'-'52 8.3 3017. 0.623

16R 27.65 R.3 3140. 0.680

169 28.43 8.3 3184. 0.618

1 70 25.67 8.3 3026. 0.619

1 71 ?3.61 8.3 2902. 0.612

1 7? 27.(J5 8.4 3201. 0.608

1 7:-:3 27.65 e.4 3201. 0.565

1 7 (.t 25.�2 8.4 3094. 0.600

1 75 ?7.49 g.l 3431. 0.530

J 76 ��5.37 5.2 1884. 0.753

177 24. cS] 7.0 2514. 0.796

I 78 25.!:_")2 7.2 2634. 0.652

1 79 2?43 7.2 2472. 0.540

1 eo 2�). �2 7.4 2720. 0.142

Vl
+:--



C4LCULATED DATA FOR PINE S�EDS (CONTINUED)

SEED NO. FRONTAL AI�cA ST f). AIR TERMINAL REYNOLDS NUMBER COEFFICIENT

( S�l • MI� ) VELOCITY (M/S) OF DRAG

1 81 24.63 7.6 2119. 0.120

182 26.10)7 7.8 2890. 0.681

lR3 27.0.3 7.8 2915. 0.64.

1 84 26.73 7.8 2899. 0.701

t 85 25.22 7.8 2816. 0.658

1 A{) 26.12 7.9 2930. 0.703

187 22.76 7.9 2736. 0.638

1 8 F3 26.8R 7.9 2973. 0.673

189 2�S.07 7.9 2871. 0.651

193 �C:;.:)7 8.1 2935. 0.617

1 91 26.12 8. 1 2995. 0.658

1 92 26.�1 8. 1 3021. 0.648

191 27.�3 8.1 3047. 0.666

t94 28.91 8.1 3151. 0.658

195 23.00 8.1 2866. 0.543

Vl
Vl



CALCULATED OATA FOR PHlE SEEDS (CONTINUED)

SEED NO. FRONTAL AREA ST D. AIR TERMINAL REYNOLDS NUMBER COErF(CIENT

(SO. "'H4) VELCCITY (M/S) OF DRAG

196 25.67 8.4 3088. 0.592

1 q7 24.34 8.4 3007. 0.607

lq9 2 [) • I.. 2 8.4 3133. 0.569

199 25.(12 B.4 3097. 0.601

200 23.0/,. 8.9 3093. 0.457

-------------- MEAN --------------

�S.98 7.9 2914. 0.627

------- STANDAPD DEVIATION -------

1.853 0.821 334.6 0.065

Vl
0"1
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APPENDIX C: SAMPLE OF DATA FROM SIMULATION



SIMULATION DATA: AIR VELOCITY= 24.0 M/S

T I ME ( S) POSITION ( M) VELOCITY (M/S' ACCELERAT [ON (M/S/S'
HOR. VERT. tiGR. VERT .. HOR. VERT.

0.0010 0.00553 0.07000 5.5539 -0.0098 53.697 -9.810

0.0020 0.01111 0.06998 5.6074 -0.0196 53.326 -9.782

o.OO�O 0.01674 O. C6996 5.6605 -0.0293 52.919 -9.700

0.0040 0.02243 0.069<;2 5.7132 -0.0389 52.474 -9.562

0.0050 0.02817 O. 06 <; 8 8 5.7654 -0.0482 51 .992 -9.367

0.0060 0.03396 0.06983 5.8172 -0.0573 51.473 -9.116

0.0070 0.03980 0.06976 5.8684 -0.0662 50.917 -8.807

0.0080 0.04570 0.06969 5.9190 -0.0746 50.326 -8.440

O.OOqO 0.05164 0.069f.l 5.Q690 -0.0826 49.699 -8.016

0.0100 0.05 -'63 0.06953 6.0184- -0.0902 49.038 -7.536

0.0110 0.06368 O.Ob943 6.0671 -0.0972 48.344 -7.000

0.0120 0.06977 0.06933 6.1151 -0.1036 47.618 -6.408

0.0130 0.07591 0.06923 6.1623 -0.1093 46.863 -5.764

0.014.0 0.08209 0.06912 6.2088 -0.1144 46.079 -5.068

0.0150 0.OH832 0.06900 6.2545 -Oel187 45.268 -4.322

Vl
co



S[MULAf[ON OAT A! AIR VELOCITY= 24-.0 M/S (CONTINUED)

TIME ( S) POSI110N ( M ) VELOCITY (M/S) ACCELERATION (M/S/S)
HOR. VEHT. HOr� • VERT. HOR. VERT.

0.0160 0.09460 0.06888 6.2993 -0.1223 44.433 -3.529

0.0170 0.10092 0.06876 6.3433 -0.1250 43.516 -2.690

0.0180 0.10129 0.06863 6.3865 -0.1268 42.698 -1.809

0.0190 0.11369 0.06850 6.4287 -0.1277 41.801 -0.888

0.0200 0.12014 0.06837 6.4701 -0.1276 40.889 0.070

0.0210 0.12663 0.06825 6.5105 -0.1265 39.963 1.062

0.0220 0.13316 0.06812 6.5500 -0.1244 39.026 2.085

0.0230 0.1.3973 0.C6800 6.5885 -0.121-3 38.079 3.136

0.0240 0.14634 0.06788 6.6261 -0.1171 37.125 4.212

0.02'50 0.IS299 0.06777 6.6628 -0.1117 36.166 5.309

0.0260 0.159b' 0.067(;6 6.6985 -0.1053 35.204 6.425

0.0270 0.16(138 0.06756 6.1332 -0.0917 34.242 1.556

0.0230 0.17313 0.06746 6.7610 -0.0890 33.281 8.699

0.0290 0.17<)92 0.06738 (;.7998 -0.0791 32.322 <1.852

O.OJOO O. 1867,) 0.06730 6.H')I£> -0.0681 31.368 11.012
\J1
1..0



SIMULATION DATA: AH� VELOCITY= 24.0 �/S (CONTINUED)

TIME ( S) POSITION ( M ) VELOCITY (M/S) ACCELFRA T ION (M/S/S)
HClR. VERT. HOR. VERT. HOR. VERT.

0.0310 0.1Q358 0.06724 b.8625 �0.0559 30.421 12.115

0.0320 0.20046 0.06719 6.8925 -0.0425 29.481 1 3.339

0.0330 0.20736 0.06716 6.9215 -0.0280 28.551 14.503

0.0340 0.21430 0.06714 6.9496 -0.0123 27.631 15.663

0.0350 0.22126 O. 06713 6.c)767 0.0046 26.722 16.817

0.0360 0.22825 0.06715 7.0030 0.0226 25.827 17.963

R-==O.40J6 ANGLE IS 34.4 DEGREES

(J'I
o
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APPENDIX D: COMPUTER PROGRAMS



DATA ANALYSIS PROGRAM (FORTRAN)

?

"3

4

5

6

7

U

9

10

1 I

12

1 3

t 4

15

16

1 7

18

1 9

DIMFNSION DATA(13,202)
REAL ,..,

READ .. N,NO
REA D , { (D A T A ( I • .J ) • I = 1 • N) , J= 1 ,N 0 )
G=9.81

00 1 J=l.NO
o 1 =0 A T � ( 1 , J )

D2=OATA(2,J)
03=DATA(3.J)
TF=DATA(6.J)
PAARM�=OATA(7,J)*25.4
V=DATA(5.J)
M=DATA(4.J)/lOOO.O
0= (D 1 +02 "03) /"3.0

A�=O.7R54*(D/IOOO.O).*2
A�M=O. 785t,*O**2
TC=(TF-32.:»/1.3
TK=TC"'273.15

nNSA=.46449*PAARMM/TK
V\-1S=V* O. 304R

C0=2.*�*G/(DNSA*AM*VMS**2'
V(S=J.0000002414*TK**O.76
qC=D*VMS*DNSA/VIS/IOOO.O
V5T=(2.*M*G/(Cf)*AM*1.225»**O.5
D A T A ( 5 • J ) -= V �� S

DATA(q,J)=TC
D A T A ( ') • j ) -= �-:l H A � M '-1

DATA( 10, J) c:.::AW"

f)ATA(ll,j)=VST
DATA(12,j)=PF
O.\TA( 13. J)=CD
COt-IT I NUE

0'\
N

20

21

2?

23

24

25

26

27

28

29

30

31

32



33

34

35

36

37

3A

39

40

41

42

41

44

C

4')

46

47

4S

49

50

51

C

C

52

53

54

55

S(,

5'7

5A

Sq

60

DATA ANALYSIS PROGRAM (continued)

C

C

NUP= NO .... l

NUPP=NO+-2

I-1E AN

SELECT THE DESIRED CCLU�NS IN THE ARRAY
K=O

1=0

6 SU�=O.O

1 = I .... 1

IF(I.GT.4)GOTO 2

GO TO 1

7 1=<')

5 SUM=O.O

I = I .. 1

IF(I.GT.tl)GOTO 2

CALCULATE 4EAN UF COLUMN
3 ()O 4 J=I.NO

SUM=SU�+DATA(I.J)
4 CONTINUE

DI\TACI,NUP)=SUM/FLOAT(NO)
1 F ( K • E o , 1 ) GO TO c:;

GO TO [:)

2 IF(K.EO.I)GOTO ?7

STANDARO DEVIATION
SFLECT THE DESIRED COLUMNS IN THE AHPAY

1=0

? b S U rv1 = 0 • 0

1=1+1

IF( r .GT.4)GUTO 22

GU TO 23

27 1=')

25 SlJM=O.O

I = I"" 1

(F(I.GT.13)GOTO 2R
c
w



DATA ANALYSIS PROGRAM (continued)

C CALC:UI .. ATF STANDAHD DFVIATION OF COLUMN
61 ?3 00 24 J=l,NO
6 2 S U;\1 = S t J r-.1 f- ( I) A T A. ( I t j ) - D A T A ( I t NO P ) ) * * 2
61 24 CONTINUE
64 DATA( I ,NOPP) =(SUM/(FLOAT(NO)-t.O) )**0.5
65 IF(K.EG.l)GOTO 25

66

67

68

69

GU TO 26

22 K=l

GO TO 7

2q j= ')

C ��E'N PAGE

70 3J IK=O

71

72

13

74

75

PRINT l�l

PI<INT 120

IF(J.E�.O)GOTO 34

PI( I NT 10 q

GO TO 35

c p P [ NTH E A 0 [ N G S FOR E X j::>. ()" T A

76 34 fl f� IN T 1 0 1

77 3':) Pi�INT 102
78 P�INT 103
79 IF(j.FO.Nn)�OTO 33

80 36 J=J+l

CPR I �� T ex P. [) A T A

8 1

R2

83

84

85

86

P,7

c

I-> I� I N rio 4 , J • f) A T A ( 1 ,j ) • D A T A ( 2 • j ) , 0 A T A ( 3. J , • D A T A ( 4. t j ) • 0 A T A ( 5. J , •

f-OATA(8.J).DATA(9,j)
IF(J.EO.NO)GOTO 33

IK,=IK+l

IF{{ IK/15)*IK.EQ.lK) GD TO 30
GO TO 36

PRI�T MFAN AND STD. DEV. OF EXP. DATA
33 pr<INT 105

PRINT 10h.nATA(l,NOP),nATA(2,NOP),DATA(3,NOP',DAfA(4.NOP)
0'\
.j::'--



HH

89

90

91

92

9)

94

95

96

97

98

99
tOO
1 01

102

103

104

105

106

107

108

t 09

1 1 0

1 1 1

DATA ANALYSIS PROGRAM (continued)

c

PI< [N T 1:) 7

PRINT l08,DAT�(I.NOPP),DATA(2.Nonp).OATA(3.NOPP).OATA(4.NOPP»
J=J

NE"W PAGE

40 IK=O

PRINT 121

pnI"JT t20

IF(J.FO.O)GOTO 44

PR I NT 11 R

GO TO 45

P kIN THe A D ( N G S F or� CAL C. 0 A T A

I., 4 P R I N Tit 0

ta. 5 PR IN Till

PRINT 112
IF(J.EQ.NO)GOTO 41

t�6 J=J+l

PRltH CALC. D�TA

P ;-( I N TIl 3, J • 0 A T A ( 1 I) • J ) , D A T A ( 1 1 • J ) • D A T A ( 1 2 • J ) • 0 A T A ( 1 3 , J )
IF(J.FO.NO)GOTO 43

IK=IK+l
[ F ( ( I K /1 5 ) * I K • E Q • I K) GO ro 40
GLl TO 46

PRINT MEAN ANn STD. DEV. OF CALC. DATA
43 �qINT 114

P�[NT 115,DATACIO,NOP).OATA(lt.NOP),DATA(12.NOP),DATA(13.NOP)
PR I r-J Til (>

P f< I N Til 7, D A T <\ ( I 0 • N;] P P) • 0 A T A ( 1 1 • NO P P , , () A T A ( 1 2 • NO P P ) • 0 A T A ( 1 3. NO P P )
fJRII'JT 121

c

c

c

112 101 FORMAT('O',3?X,'EXPERIMENTAL DATA FOP P[NE SEEDS')
113 102 FOP'4AT('-',6X,'SCED NO.',"5X,·OIMENSIONS (Mr-.1)'.6X,'MASS (G)',

+6X.'TEH'''INAL',5X,'TEMP. (C)',4X.·SAf). PRESS.')
I 0 .-� F CJ �� 1'4 A r {' ',1 n x •

• C 1 •
, 5 x t

' n 2 '
• 6 X ,

• 0 3' J I R X, • VEL. (M / S ) ,
• 1 q X ,

... • ( '_" �1 � i G ) • )

t 1 4

(J'\
V1



DATA ANALYSIS PROGRAM (continued)

1 1 5 1 04 r ;J h? MAT ( • 0 •
, 7 X • [ 1, 7 X , F 4. 2 • �i X • F 4.2 • 4 X • F 4. 2 • 5 X • F 7. 5 .8 X • F 4. 1 • lOX,

+-F-4.1 .<.JX.F5.1)
116 10') FDR'AAT('O' .16X,'-------------- MEAN --------------')
117 106 FORMAT('O',17X.F4.2,3X,F4.2.4X,F4.2,5X.F7.5)
118 107 FORMATC'0',16X,'------- STANDARD OEV[ATION -------')
1 1 9 1 0 8 tOR:'" AT ( , 0 •

• 1 6 X • F 5 • 3 , 3 X , F 5 • 3 • 3 X • F 5. 3 • 4 X , F 7 • 5 )
120 109 Ft'IR�AT(' 0' .26X. 'EXPERIMENTAL DATA FOR PINE SEEDS (CONTINUEO)')
121 110 FdRMATC'O'.33X.'CALCULATED DATA FOt< PINE SEEDS')
122 111 FORMAT('-',6X,'SEED NO.',4X,'FRONTAL AREA·,6X.'STD. AIR TERMINAL',

+-6X,'RFYNOLOS NU�BEP'.6X,·COEFFJCIENT·)
12] 112 f-IH�MAT(' ',20X.'(Sa. MM)',10X,'VELOCITY (M/S)',30X,'OF DRAG')
124 113 FO�MAT('O·,7X.(3.12X.F5.2,15X,F4.1,17X.F6.0.t4X.F5.3)
125 114 FOR�AT('O·.37X.'-------------- MEAN --------------.)
1 2 6 1 1 5 F U r� r·1 A T ( • 0' • 22 X , F 5 • 2 • 1 5 X , F 4 • 1 • 1 7 X • F 6 • 0 , I 4 X • F 5 • 3 )
127 116 FORMAT('O' ,37X.'------- STANDARD DEVlATION -------')
1 2 8 1 1 7 F U F< i,., AT ( • 0 •

• 2 2 X • F 5 • 3. 1 5 X , F 5 • 3 , 1 6 X • F 6. 1 • 1 4 X ,F 5 • 3 )
129 IlA FOR'AAT(·O'.27X,'CALCULATEO DATA FOR PINE SEEDS (CONTINUED)·)
130 12,1 FORMAT('-')
131 l?l FllR'-1AT('l')
132 STufl
IT3 FND

0"1
0"1



SIMULATION PROGRAM (FORTRAN)

1

2

]

4

5

6

7

8

9

1 0

1 1

12

13

14

15

16

1 7

18

19

20

21
22

23

2�

25

26

27

28

29

30

31

32

33

34

REAL K

FX(X,XO)=K*(VA*CUS(ATAN(X/(D-Y» )-XD)**2
FY(Y,YO)=K*(VA*SIN(ATAN(XX/(O-Y»)-YD)**2-G
H=O.OOl

G=CJ.81

CD=0.627

R:-.1 = • 00 0 0 632

AREA=25.98/1000.**2

RHO=1.225

K=CD*AREA*RHO*0.5/R�
VA=7.0

0=0.4

DO 2 1=1, 1 1

X=O.O

XD-=5.5

XOD=O.O

Y=0.07

YD=O.O

YOO=O.O

T=O.O

L=O

J=O

VA=VAt-l.O

XX=X

AK1=H*FX(X,XO)
AK2=H*FX(Xt-H/2.*XD.XDt-AKl/2.)
AK3=H*FX(X+H/2.*(XDt-AK1/2.).XD+AK2/2.)
AK4=H*FX(X+H*(XD+AK2/2.).XD+AK3)
X=X+Ht(XO+(AKl+AK2+AK3)/6.)
XO=XD+(AKl+2.*AK2+2.*AK3+AK4)/6.
XDD=FX(X,XO)
BK1=H*FY(Y,YD)

B�2=H*FY(Y+H/2.*YO,YD+OKl/2.)
BK3=H*FY(V+H/2.*(YO+BKl/2.),YD+BK2/2.) Q'\

-......J



SIMULATION PROGRAM (continued)

35 BK4=H*FY(Y+H*(YO+BK2/2.),YO+8K3)
36 ¥=Y+H*(YD+(BKl+�K2+BK3)/6.)
37 YD=YD+(HKl+2.*8K2+2.*8K3+AK4)/6.
38 YDU=FY(Y,YD)
39 T=T+H
40 IF(L.EQ.I) GO TO 36
41 PRINT 110
42 PRINT 109
43 IF(J.EQ.t) GO TO 34
44 �RINT IOI.VA
45 GO TO 35
46 34 J=O
47 P�INT 103,VA
48 35 PH I NT 105
49 P�INT l�b
50 36 PHINT 107.T.X,Y.XD.YD.XDD,YDD
51 L=l
52 J:.;::J+l
53 IF(J.EQ.15}L=0
54 IF(J.EO.15)J=1
55 R=«D-Y)**2+X**2)**O.5
56 IF(R.GT.D)GOTO 3
57 GO TO 1
58 3 CUNTINUE
59 TNGT=ATAN(X/(D-Y) )*57.296
60 PfHNT 111.R,TNGT
61 2 CONTINUE
62 PRI�T 110
63

64

101 FORMATC'O·.27X,·SIMULATION DATA:
10] FORMATC'0',21X,'SIMULATION DATA:

+' (CONTINUED)')

AIR VELOCITY= ·,F4.1,' M/S')
AIR VELOCITY= ',F4.1,' M/S',

(J'\
00



SIMULATION PROGRAM (continued)

65 105 FURMAT(·-'.6X,·TIME (S)·.7X,·POSITION (M)·.12X.·VELOCITY (M/S)·.
+llX. 'ACCELERATION (M/S/S)')

66 106 FURMAT(' • .20X,·HOR.'.BX,·VERT.',9X,'HOR.'.8X,'VERT.',8X,'HOR.'.

i-BX,'VERT.')
67 107 FORMAT('O·.7X,F6.4.6X.F7.5,5X,F7.5,6X.F7.4,5X,F7.4,6X.F7.3.

i-5X,F7.3)
68 109 FORMAT(t_,)
69 1 1 0 F 0 t�M AT ( • 1 • )

70 111 FOf�MAT('-·.10X,'R=·.F6.4.15X.'ANGLE IS '.F4.1.' DEGREES')

71 STOP

72 END

0\
\.0


