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PREFACE 

The following study was concerned with the development 

of a precision metering system for pregerminated seed. The 

primary objective was to develop a system capable of accu­

rately singulating and spacing germinated seed. The result­

ing system is reported as developed along with data on the 

efficiency of the system. 

I would like to express my appreciation for the ~excel­

lent guidance provided by my major advisor, Dr. Lawrence 0. 

Roth, throughout my doctoral program. I would also like to 

thank the other members of my advisory committee for their 

assistance at various times during the course of my studies, 

Mr. David G. Batchelder, Dr. Gerald H. Brusewitz and Dr. 

James E. Motes. 

Other individuals to whom thanks is due for their 

assistance in my research include: Dr. c. T. Haan and Mr. 

Jay G. Porterfield, current and past heads of the Agricul­

tural Engineering Department, for their financial support of 

my assistantship and research project; Mr. Norvil R. Cole, 

Laboratory Manager, and the many student employees of the 

Agricultural Engineering Laboratory for their assistance in 

various phases of my research; Mr. Bruce w. Lambert of the 

Agricultural Engineering Laboratory for his invaluable 

assistance in circuit design and debugging; Mr. Wayne R. 

iii 



Kiner of the Agricultural Engineering Laboratory, for his 

excellent work in construction and assembly of the metering 

mechanism; Mr. Alan G. Taylor of the Horticulture Department 

for his assistance on the horticultural aspects of this pro­

ject; Mr. Mark T. Yokley and Mr. Keith w. Stokes of the 

Fluid Power Research Center's Microcomputer Laboratory for 

their assistance and the use of their microcomputer program 

development system; and Mr. Steven C. Kennedy, Agricultural 

Engineering student, for his assistance in data collection 

and analysis. 

Finally, a special note of gratitude is expressed to 

Dorothy for her under standing, support and love thro ug ho ut 

my academic career. 

iv 



Chapter 

I • 

II. 

I I I. 

TABLE OF CONTENTS 

Page 

INTRODUCTION . . . . . . 1 

LITERATURE REVIEW . . . . . . . . . . .. . . . . . 4 

Plant Stand Establishment • • • • 4 
Transplanting • • • • • • • • • • • 7 
Direct Seeding Methods ••••••• 12 

Seed Identification Methods • • • • • •• 24 
Pregerminated Seed Research • • • • ••• 26 

EXPERIMENTAL EQUIPMENT AND PROCEDURES • • 30 

Experimental Equipment • • • • • • ••• 30 
Viscosity Measurement • • • • • 30 
Seed Germination and Separation •••• 37 
Seed Suspension Tests • • • • • • • 39 
Seed Spacing Distribution Analysis ••• 40 

Experimental Procedure ••••••••••• 42 
Gel Evaluation ••••••••••••• 42 
Viscosity Determinations •••••• 45 
Seed Suspension Tests • • • • • • • 46 
Unmetered Seed Spacing Determination •• 48 
Metered Seed Spacing petermination ••• 49 

IV. DESIGN OF METERING SYSTEM . . . . . . 52 

v. 

Design Objectives .••••••••••••• 52 
Metering Sys tern Components • • • • • • . 54 

Holding Tanks ••••••••• 54 
Sin9le File Device • • • • • • • 54 
Metering Mechanism ••••••••••• 57 
Travel Speed Detection • • • • • • • 61 
Microcomputer ••••••••••••• 61 

Metering System Operation • • • • • • •• 63 
Metering Mechanism Operation •• 63 
Control System Development • • • • • 65 
Control System Revision •• 74 

PRESENTATION AND DISCUSSION OF RESULTS • . . . . • 87 

Gel Measurements • • • • • • • • • • • • • • 37 
Vis:osity Relationships •••••••• 88 

v 



Determination of Thixotropic 
Characteristics • • • • • • • 94 

Seed Suspension Qualities ••••• 95 
Unmetered Seed Spacing Distribution • • • • 103. 
Metered Seed Spacing Distribution • 109 
Metering System Operation • • • • • • • 122 

Gel, Tank and Seed Funnel • • • • • • 123 
Seed Detection and Trapping • • • 124 
Seed Transfer • • • • • • • • • • • • 125 
Seed Outlet Tubing • • • • • • • • 125 
Microcomputer and Controlling Circuits 126 

VI. SUMMARY, CONCLUSIONS AND SUGGESTIONS FOR FURTHER 
STUDY • • • • • • • • • • • • • 127 

BIBLtOGRl\PHY 

Summary • • • • • • • • • • 
Conclusions •••• 
Suggestions for Further Study 

. . . . . . . . . . 
APPENDIX A - PLANS FOR METERING MECHANISM 

. . . . . . . 

. . . 
PARTS 

APPENDIX B - METERING SYSTEM CONTROL PROGRAMS . . . 
APPENDIX c - GEL VISCOSITY DATA • . . . 
APPENDIX 0 - SEED SUSPENSION DATA . . . . . . . • . 
APPENDIX E - UNMETERED SEED SPACING DATA . . . . . . . 
APPENDIX F - METERED SEED SPACING DATA . . . . . . • . 

vi 

127 
129 
130 

132 

138 

147 

158 

173 

182 

202 



LIST OF TABLES 

Table Page 

I. Specific Gravities Used for Seed Separation •• 38 

II. Gels Evaluated for Use in Metering 
Pregerminated Seed •• • • 44 

I I I. Coefficients and Exponents of the Power Law 
Equation for Vi terra II . . . . • • . . . 89 

IV. Coefficients and Exponents of the Power Law 
Equations for CLD . • . • . . . . . . 90 

V. Viterr~ II Thixotropic Equation Coefficients • 96 

VI. Analysis of Variance of Seed Suspension Data 
for CLD • • • • • • • • • • • • • • • • • • 100 

VII. Analysis of Variance of Seed Suspension Data 
for Viterra II • • • • • • • • • • • • • • 101 

VIII. Calculated Parameters for Cumulative Spacing 
Distributions • • • • • • • • • 10fi 

IX. C~lculated Parameters for the Cumulative 
Distribution as Affected by Tr~vel Speed 1~6 

X. Actual and Predicted Means for Unmetered Seed 
Distributions • • • • • • • • • • • • • 108 

XI. Seed Metering Error for all Meter Tests 112 

XII. Spacing Distribution Uniformity Parameters 115 

vii 



LIST OF FIGURES 

Figure Page 

1. Effects of Random Factors on Seed Spacing 
(Rohrbach, et al., 1971) •••••••••••• 6 

?. • Fnnn V-G Meter ••• . . . . . • • 31 

l. Brookfield Sychro-Lectric Viscometer . . . • • 33 

4. Capillary Viscometer with Loading Funnel and 
Valve ....•.....•.••....•.•• 35 

s. Seed Separation Column • . . . . . . • • • 39 

~. Seed/Gel Suspensions Mounted on the Vibrating 
TablE:-~ ••••••••••••••••••••• 40 

7. Sampling Apparatus for Seed Suspension Tests ••• 41 

8. A Schematic of the Metering System for 
Pregerminated Seed ••••••• . . • • 55 

9. The Physical Layout of the Metering System as 
used. A) Metering Mechanism B) Motor Controllers 
C) Microcomputer D) Encoder E) Gel Tanks F) 
Filming Scale • • • • • • • • • • • • • • • 56 

10. A Seed Funnel to Place Seed in Single File. . 57 

ll. Metering Mechanism Parts • • • 59 

1?.. Plexiglass Input Disk from Metering Mechanism ••• 59 

ll. The Assembled Metering Mechanism. • 112 

1~. An Illustration of the Seed Path Through the 
Metering Mechanism. • ••••••••••••• 64 

15. The Order of Events That the Microcomputer 
Controls. . . . . . . . . . . . . . . . 66 

1~. Encoder Pulse Counting Circuit. . . . • • • • 68 

viii 



17. Flowcharts of the Mnin Program and Interrupt 
Routine for the Seed Metering system. 

18. Flowcharts of the SEED and NOSEED Routines of 
Controlling Program. . . . • . . . . . . . 

19. Timing Diagram for Operation of the Metering 
Mechanism with the Original Microcomputer 

• . . 70 

the . . . 71 

Program • •••••••••••••••••••• 75 

20. Wiring Schematic and Timing Diagram for Motor 
Pulse Generating Circuits •••••••••••• 78 

21. Wiring Schematic for the Seed Transfer Circuit. • 80· 

22. Timing Diagram for the Transfer Circuit ••• . . • 82 

23. Flow Charts for the Revised Metering System 
Controlling Program and Interrupt Routine •••• '84 

24. Timing Diagram for the Revised Metering System 
Control Program. • • • • • • • • • • • • 86 

25. Apparent Viscosity of Vittera II as a Function of 
Shear Rate for the Combined Data of all 
Viscometers ••• . . . . . . . . . . . . • • 92 

2n. Apparent Viscosity of CLD as a Function of Shear 
Rate for the Combined Data of all Viscometers •• 93 

27. Apparent Viscosity of 0.6 Percent Viterra II 
Function of Time. • ••••••••••• 

?.8. Apparent Viscosity of 0.8 Percent Viterra II 
Function of Time. • ••••••••••• 

as . 
as . 

a . 
a . 

29. Apparent Viscosity of 1.0 Percent Viterra II 
Function of Time. • ••••••••••• 

as a 

10. An Example of an Unmetered Cumulative Spacing 
Distribution, Prediction Equation and Measured 

. 97 

. 98 

99 

Values. • • • • • • • • • • • • • • • • • 1es 

31. The Effect of Metering Rate on Total Metering 
Error • . . • • . . • . . . • . . . . 113 

32. Distribution of 60-180 mm Spacings for Various 
MeterirtcJ Rates at a 4.0 ml/seed Ratio •••• 116 

33. Distribution of 60-180 mm Spacings for Various 
Metering Rates at a 3.0 ml/seed Ratio •••• 117. 

ix 



3~. Distribution of ~0-180 mm Spacings for Various 
Metering Rates at a 2.0 ml/seed Ratio • • • • 118 

35. Distribution of 60-180 mm Spacings for Various 
Metering Rates at a 1.0 m1/seed Ratio • • • • 119 

36. Distribution of 60-180 mm Spacings for Various 
Gel/Seed Ratios at a. 0.5 seed/sec Metering 
Rate. • • • • • • • • • • • • • • • • • • • • 120 

X 



NOMENCLATURE 

b - correction factor for Rabinowitsch equation 

bt - thixotropic constant 

d - distance from axis of rotation 

f - frequency of spacings equal to x 
X 

k - viscosity constant 

k 1 - torsional spring constant 

k 2 - bob shear stress constant 

k 3 - bob-cylinder combination shear rate constant 

L - cylinder length 

L - length of copillary tubing c 

n - viscosity exponent 

N0 total number of seed spacings 

N - number of spacings greater than x 
X 

P - pressure in capillary tubing 

Q - volumetric flowrate 

R radius of capillary tubing 
c 

R. - radius 
1 

of inner cylinder 

R - radius of outer cylinder 
0 

x - seed spacing distance 

y - shear rate 

y - shear rate at capillary wall w 

0 - viscometer dial reading 

A - spacing density constant 

xi 



J..l - apparent dynamic viscosity 

J..lo - apparent dynamic viscosity at time=0 

1" - shear stress 

1" - shear stress at capillary wall 
w 

w - angular velocity 

xii 



CHAPTER I 

INTRODUCTION 

The production of vegetables for commercial processing 

and fresh market sales is an increasingly large part of the 

agricultural production of the United States. In 1977 the 

estimated total value of the twenty two principal vegetables 

and melons grown for fresh market was $2,405,500,000, seven 

percent higher than the previous year. This production 

involved a total harvested area of 1.7 million acres. The 

estimated value of the thirteen major commercial processing 

vegetables was $1,059,000,000. This gives an estimated 

total value of vegetable and melon crops grown in the United 

States in 1977 of nearly 3.5 billion dollars (USDA, 1977). 

The production of vegetables has traditionally been 

very labor intensive, particularly in the crop thinning and 

harvesting operations. 'A great deal of research work has 

been done in recent years in an effort to mechanize vegeta­

ble production. Much of this work has concentrated on har­

vesting and as a result successful harvesters have been 

developed for many crops. Mechanical harvesters require a 

full plant stand with uniformly matured fruit for optimum 

performance. This has increased the importance of accurate 

plant stand establishment and rapid emergence. 

1 
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Vegetable crops have traditionally been established by 

two methods, transplanting or direct seeding. Both of these 

methods result in relatively high costs for crop establish­

ment. Transplanting involves growing seedlings in a green­

house or field and transplanting the seedlings into the 

field. In recent years field transplanting has been mecha­

nized but most of these machines still require that each 

seedling be handled individually. Direct seeding involves 

the placing of dry vegetable seed directly into the field. 

Because of the many variables affecting the final emergence, 

the number of seed planted is often two to ten times the 

desired plant stand. The plants are then thinned, either by 

hand or with a mechanical thinner, back to the desired spac­

ing. 

The need for a method of precision planting of vegeta­

ble seed with assured emergence is evident. Many of the 

vegetable seed frustrate efforts in this area due to their 

small size and odd shapes. Many researchers have attempted 

to alleviate these problems by processing the individual 

seed to make them easier to meter. While these efforts were 

often successful in achieving accurate metering, the cost of 

planting was increased and the problem of insuring seedling 

emergence was not solved. 

po ss ibl e The planting of pregerminated seed is one 

solution to the problem of seedling emergence. 

germinated in an artificial environment until 

Seed are 

the radicle 
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emerges through the seed coat. The viable seed can then be 

sorted from the nonviable seed before planting. This method 

avoids many of the causes of nonemergence and results in a 

much h ig her pe rcen tag e of seed 1 ing emergence. The planting 

of pregerminated seed incorporates the major advantages of 

both transplanting and direct seeding. A live plant is 

placed in the soil and the seed can be planted by a machine 

with little hand labor required. 

While the use of pregerminated seed can help solve many 

of the problems associated with the production of vegetable 

crops, there is still a need for a planter which can accu-

rately plant the pregerminated seed. Planters currently in 

use either do not have the capability of handling the frag-

ile pregerminated seed without damage or do not have an ade-

quate means of precision metering the seed. Any such 

planter would have to overcome several difficulties includ-

ing identification, singulation and handling of the fragile 

seed. It should be able to meter and accurately space 

within the row a number of seed with different sizes, shapes 

and spacing requirements. 

The objectives of this research were to: 

1. Determine an acceptable means of transporting 
the pregerminated seed with respect to seed 
protection, facilitation of planting 
operation and ease of handling. 

2. Design, construct and evaluate a mechanism 
capable of precision planting pregerminated 
seed of various sizes, shapes and intra-row 
spacings at acceptable field planting rates. 
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population, unless the plant spacings are accurate, each 

plant will experienc~ a different effective population 

depending on the spacing of the adjacent plants. 

Most plant establishment systems involve three separate 

operations: the selection of a single seed or plant, the 

placing the seed or plant in the desired target location, 

and the emergence of the seedling or the survival of the 

t. r n n s p 1 a n t ( R o h r b n r. h ':! t a 1 • , 1 9 7 l ) • Th e l a s t pa r t o f t he 

plnnt. astnblishment procedure is usually the result of 

uncontroll~ble events that occur after the planting and as 

such are not generally considered in evaluation of a partie-

ul<~r planter. The selecting of a single seed or plant and 

the resulting transfer of that seed or plant to the soil are 

both very much a function of the design of the planter or 

transplanter being used. Several factors can combine to 

affect the precision of a planter. These can include seed 

type, seed uniformity, machine vibration, machine adjustm~nt 

and operating speed. Each different planter design will be 

aff(~cted differently and will have its own probability uis­

tribution for the selection of zero, one, or multiple seed 

as a result. In addition, the transfer of the seed or plant 

from the metering device to the soil can add more randomness 

to the ultimnte Sf~ecl location. Rohrbach et al. (1971) 

illustrated the effects of random factors on a generalized 

plant spacing device (Figure 1). The figure shows a general 

prob~bility distribution around the seed target sites. 



>-
~ 

CJ) 

z 
lLJ 
0 

>-
~ 

..J 

m 
~ 
m 
0 
0:: 
a.. 

0:: 
0 

1-
:J: 
C) 

I.&J 
:z: 

~ ,, 
I \ 
I \ 

' \ 
' I 
\ 
\ 

n _PROBABILITY DE~SITY OF THE DROP 
J \. ERROR ABOUT $ 
----SEED PATHS 
+ -UNIFORMLY SPACED RELEASE POINTS 
El1 _ UNIFORMLY SPACED DESIRED PLANT 

LOCATIONS 
0 - ESTABLISHED PLANT lOCATIONS 

t- p. -I 
-k ~ 

' ~ \ 

"\ 
' \. 

\ \\ 
\ \ 

\ \ 
\ 

' I 

COORDINATE LOCATIONS OF THE PLANTS FROM AN ARBITRARY 
ORIGIN, POSITIVE IN THE DIRECTION OF· TRAVEL OF THE 
PLANTER. 

Figure 1. Effects of Random Factors on Seed Spacing (Rohrbach et a1., 
1971) 



7 

Two distinct methods are currently being used in com­

mercial vegetable production, transplanting and direct seed­

ing. Transplanting is most often used with high value 

crops, crops that germ in ate poor 1 y, and in colder reg ions 

where it gives a longer effective growing season. Consider­

able labor and expense is required to grow the seedlings for 

transplanting. Direct seeding uses a planting mechanism to 

meter and place the dry seed in the soil. Because of a lack 

of accurate metering and other factors affecting emergence, 

an nrea is generally seeded at two to ten times the desired 

plant population and later thinned. 

Trnnsplanting 

Transplanting is the process of placing live seedlings 

in the growing area at the desired plant population. The 

seedlings are grown in another location, usually a green­

house, and transported to the field for planting, either as 

bare-root stock or in the growing container. The process of 

growing and transplanting seedlings is very energy and labor 

intensive and as a result the costs are quite high. When 

labor is available, 

often done by hand. 

the transplanting of the seedlings is 

However labor is becoming less availa-

ble and growers are increasingly turning to mechanized means 

of transplanting their crops. 

Much of 

has occurred 

the mechanization of 

in the tobacco 

transplanting operations 

and forestry industries. 

Tobacco growers have been forced to transplant seedlings 
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because the minute size of the tobacco seed makes direct 

seeding practically impossible. The forestry industry uses 

transplanting to rapidly reestablish large areas that have 

been cut. 

Many transplanters now in operation a~e manually loaded 

with bare-root seedlings. These machines often require two 

persons per row (in addition to the driver) for optimum 

operation. c. w. Suggs (1979) developed a transpl~nter with 

multiple loading stations to increase the efficiency of the 

machine operator. The increased efficiency results from 

providing the operator with multiple loading stations that 

can be filled with seedlings before they are actually needed 

by the machine. The transplanter consisted of a chain with 

plant clips attached at appropriate intervals, a loading 

table and a furrow opener. When the clips were present 

before the operator, they opened to accept a plant. As they 

moved into position to place the seedling in the soil, the 

clips were closed, holding the seedling in position. As the 

clip passed through the furrow it opened up again, leaving 

the plant in the furrow. 

The multiple loading transplanter was successful in 

increasing operator efficiency. With planting rates 

adjusted to two percent misses, the modified transplanter 

averaged 78.9 plants/min while a conventional transplanter 

with two operators achieved 72.3 plants/min and with one 

operator achieved 54.4 plants/min. Although this was a sig-



9 

nificant increase in operator performance, a high labor 

requirement was still present. 

In studies of transplanted tobacco and cabbage crops, 

Huang and Splinter (1968) listed the following disadvantages 

of conventional hand transplanting of bare-root stock: 

1. 

2. 

High labor requirements in 
time. 

Weather hazards often cause 
the optimum transplanting 
red uc i ng y i e 1 d s • 

a short period of 

growers to miss 
period, thus 

3. Plant losses occur due to handling of the 
transplants, thus requiring extra labor to 
fill in the skips. 

4. Unavoidable human error results in 
nonuniformity of stands and missing plants 
which consequently affects mechanical 
harvesting. 

s. Human error increases exponentially with 
planting rate and from a human engineering 
standpoint, transplanting speed is limited to 
less than 1.5 miles per hour. 

These reasons plus the unavoidable root damage which 

occurs when the seedling is pulled from the growing bed 

convinced Huang and Splinter that an automatic transplanting 

system with each seedling grown in its own container was 

necessary. Growing each seedling in an individual container 

minimized the root damage during the transplanting operation 

and gave the additional advantage of facilitating 

gravitational transfer of the seedling to the soil. The 

greater weight of the potting container and the parachuting 

effect of the seedling leaves allowed the plant to be 
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dropped into position and still remain upright. The impact 

of the container with the soil resulted in close contact 

between the two. The impact force cou'ld be controlled by 

drop height, weight and size of the container. In an 

investigation of various fiber containers, the researchers 

found peat to yield the greatest amount of tops and roots. 

The researchers developed a system of growing the 

seedlings in wooden grids, 

grid controlled by the size 

with the number of seedlings per 

of the peat containers. The 

automatic transplanter was constructed to accept and meter 

the seedlings directly from wooden grids similar to the 

growing grids. The seedlings were rapidly transfered to the 

transplanter by placing the growing grid over the 

transplanter grids and removing the bottom. This allowed 

the seedlings to fall into the transplanter grids. The 

seedlings were transfered to the soil by allowing them to 

fall through drop tubes to the ground. The tubes were 

equipped with a suction device to accelerate the fall of the 

plant. The furrow for the plants was opened with a spiked 

opener to provide a soft landing zone for impact absorbtion 

and to prevent tumbling. Two press wheels set at 45 degree 

angles closed the furrow around the seedlings. 

Huang and Splinter (19118) reported that high livability 

and a uniform stand were achieved with the automatic 

transplanting system. However there was no mention of 

transplanting rates for the system. 
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Other 

seedlings 

industry. 

transplanters which utilize container grown 

have been developed for use in the forestry 

The transplanting of containerized stock is being 

rapidly increased as new developments make 

feasible for replacing direct seeding 

transplanting. Moden e t a 1 • ( 1 9 7 7 ) 

containerized transplanter which loaded 

it increasingly 

and bare-root 

developed a 

the seed 1 ing s 

vertically into a planting shoe traveling in a furrow. At 

the appropriate time a piston forced the container 

horizontally out of the rear of the shoe at a rate equal to 

the forward speed of the transplanter. This made the 

seedling stationary relative to the ground, and allowed it 

to remain vertical as the press wheels closed the furrow 

around it. The transplanter used hand-loaded seedling 

cartridges and required both a driver and operator. 

Moden et al. (1978) developed an intermittent dibble 

type container transplanter. The dibble was a device which 

punched holes in the soil. The transplanter was towed 

behind a tractor and placed seedlings in the punched holes 

rather than in furrows. The seedlings were hand fed by an 

operator into the dibbles and were left in the soil after 

the hole was punched by means of a trap door in the dibble. 

The transplanter could be rapidly changed for different 

sized containers and showed planting success rates up to 92 

percent. 
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Direct Seeding Methods 

Direct seeding is the process of planting dry seed 

directly in to the field. Direct seeding is by far the most 

widely used method of planting agricultural crops. It does 

however have several disadvantages, particularly for weak 

seedlings or crops which need to be precision planted. Many 

limiting factors are sometimes present and may reduce see­

dling emergence to 30 percent (Harriott, 1970). These fac­

tors include lack of uniform seedbeds, poor seed depth con­

trol, high or low temperature dormancy of the seed, lack of 

seedling vigor, soil crusting and insect damage. Because of 

these obstacles, growers often overplant by many times the 

desired plant population. The stand then has to be thinned, 

either mechanically or by hand. With this situation it is 

obvious that a great deal of money could be saved in seed 

and labor if an accurate planter could be developed. 

Efforts to improve planters have focused in many dif­

ferent areas over the years. There have been many attempts 

to improve the performance of the planter by using various 

schemes to meter the seed. Attempts have been made to 

improve the metering properties of the seed by pelleting, 

wnfering, placin~ seed in a tape, etc. And there have been 

efforts to improve the quality of the seedbed in order to 

improve seedling emergence. 
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r.ell ~ Plonters. This type of planter has tradi-

tionAlly been used for most agricultural crops. It c~nsists 

of a plate or drum with cells, normally around the outer 

edge, that rotate through a hopper containing the seed to be 

metered. As the cells pass through the hopper they are 

filled, one seed per cell, and then transfered to an outlet 

and dropped to the ground. Under laboratory conditions with 

uniformly sized, symmetrical particles this can be a very 

rapid and accurate meter. However under actual practice 

this type of meter has proven to be lacking as a precision 

meter. 

Much testing has been done on both horizontal and ver­

tical plate planters and several factors have been identi­

fied which limit the performance of cell type seed meters 

(Barmington, 1948; Bainer, 1947; Wanjura and Hudspeth, 1968; 

and Rohrbach et al., 1971). Agricultural seed and vegetable 

seed in particular are seldom symmetrical or uniformly 

sized. This variation in size and shape results in some 

cells being left open and others containing multiples. Even 

with uniform symmetrical particles, small differences in 

construction can affect the accuracy of cell plate planters. 

Wanjura and Hudspeth report that variations in metering cot­

ton seed were found to be dut:! to the geometry of the hopper 

bottom, cell plate speed and the plates themselves. They 

report that seed spacing along the row is random and unsui­

table for precision planting. Bainer also found some varia-
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tion in seed spacing due to the type of seed drop tubing 

used to transfer the seed from the meter to the furrow. 

Pnuematic Planters. In an effort to overcome some of 

the shortcomings of the cell type planter, several research-

ers have attempted to develop pnuematically controlled 

meters. Most of these involve blowing or drawing seed into 

position at the proper time. In general, pnuematic planters 

suffer the same vulnerability to variations in seed size and 

shape as the cell type planter. Giannini et al. (1967) 

listed some of the problems associated with vacuum type 

seed-selection units: 

1. Seed are small, making 
sizes very small. This 
small gripping force and 
easily cogged by dirt and 

allowable orifice 
results in a very 
a tendency to be 
chaff. 

2. The small gripping forces allow seed to be 
easily dislodged at inappropriate times. 

3. Some vegetable seed have pointed ends. This 
allows a single orifice to hold multiple seed 
if they are held by the points. 

Sial and Persson (1979) listed five separate operations 

in the pnuematic metering of seed. These include seed 

orientation, seed pickup, seed holding and transport, brush 

off of extra seed, nnd seed ejection. They then studied 

ench operation theoretically and experimentally. Several 

alternative methods were investigated for each operation and 

the best combination was determined for cabbage seed. The 

researchers did not attempt to evaluate their design in a 

field type application. 
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Giannini et al. (19(.)7) developed a vacuum type planter 

for lettuce seed that opened a furrow, placed single seed at 

intervals greater than 51 mm (2 in), covered the seed with a 

non ~rusting soil Hmendment, and pressed the soil and soil 

amendment around the seed. The planter used modified 

syringe needles for the pick up nozzles and a cam-type 

apparatus to distribute the vacuum among the nozzles at the 

proper time. The planter was field tested and compared with 

a bulk metering planter normally used for lettuce. The 

vacuum planter showed several advantages over the bulk 

metering planter, including using one-tenth the seed of the 

bulk meter, increasing emergence pe rcen tag e by greater than 

a factor of two, a 45 percent reduction in thinning time and 

an increase in the number of harvestable heads. Although 

the vacuum planter was a great improvement over the bulk 

meter, it still ex~erienced operational problems. These 

included a high sP.nsitivity to seed size and a tendency to 

plug the nozzles under certRin conditions. 

Short and Huber (1970) 

cucumbers which utili zed 

nozzles. The meter used a 

developed a vacuum planter for 

modified grease fitting for 

planetary type motion which 

allowed a zero relative velocity between the nozzles and the 

seed at the time of pickup. The researchers tested the 

planter within a nozzle air velocity range of 30.5 to 91.5 

m/sec (100 to 30" ft/sec). The percentage of theoretical 

seed drop was very dependent on the nozzle air velocity, 
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ranging from less than S0 percent to greater than 140 

percent. In the best test run, a nozzle air velocity of 

54.9 m/sec (180 ft/sec) was used. The percent of 

theoretical seed drop was 120 with 80 percent of the nozzles 

having a single seed and 20 percent having multiple seed. 

The percent of theoretical seed drop was only slightly 

affected by seeding rate in the 1.5 to 6 seed/sec range. 

Other types of pnuematic planters have been developed 

on principles other than the vacuum nozzle. Moden et .al. 

(1974) reported on development of a pnuematic planter which 

• ! used n rotating drum with orifices around the per1meter. As 

the drum rotated, both vacuum and positive pressure were 

used. For 300 degrees of rotation a vacuum was placed in 

the drum to adhere the seed to the orifices. From 300 to 

330 degrees the vacuum was off to allow the seed to drop 

out of the orifices. At 33~l degrees a positive pressure was 

Applied to the drum to remove any foreign material and seed 

which may have remained in the orifices. The major 

deficiency of the planter was the large number of multiple 

seed which occurred. The percentage of orifices with only 

one seed ranged from 89.4 for Ponderosa Pine with a 51 mm (2 

in) spacing to 37.4 for Douglas Fir with a 102 mm (4 in) 

spacing. Multiple seed were the largest cause of error, 

being up to 9~ percent of the error for Douglas Fir. 

Some researchers have attempted to use fluidics to 

precision meter seed. Walters (1971) reported on an attempt 

to meter Douglas Fir seed with a fluidic device. Although 
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the fluidic system had several desirable properties, such as 

rapid rate-of switching, no moving parts, and self-cleaning 

abilities, it was unsuccessful due to a lack of uniformity 

in the size and shape of the seed. Rohrbach and Kim (1972) 

developed a fluidic device for singulating small particles. 

The device was extremely accurate, with an error rate of 1.7 

percent at a 24 particle /sec rate. 

used were 2.87 mm (0.113 in) diameter 

However the particles 

plastic beads. No 

attempt was made to test the device with seed. 

Dibble-Type Planters. Another type of experimental 

planter is the dibble type. These planters use punches of 

various types to make holes or depressions in the ground. 

The seed are then dropped into the holes, which are equally 

spaced along the row. This requires a mechanism which can 

place the seed accurately into the holes. Dibble planting 

allows the seedlings to avoid harsh environments. 

Environmental factors known to harm emergence are soil 

crusting, salt accumulations, low moisture availability, 

son compaction, low light intensity, low oxygen 

availability and temperature extremes (Cary, 1967; Wilkins 

et al., 1979). 

,Jafari and Formstrom (1972) developed a precision punch 

planter for usc with sugar beets. The planter consisted of 

a wheel to punch holes in the soil, a seed metering device 

to place the seed in the soil indentations and a seed pickup 

device to move seed from the hopper to the metering device. 
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The hole punching wheel bad six 38 mm (1.5 in) high 9D 

degree cones mounted on the circumference. As the planter 

moved forward, the holes would be equally spaced. The wheel 

was built to give a concave shaped seedbed. The seed meter 

consisted of a grooved rotating plate which gave the seed a 

rearward velocity equal to the forward ground speed. This 

theoretically allowed the seed to have zero velocity 

relative the the holes and to fall directly into the holes. 

The seed were fed into the meter through a tube suspended 

from the hopper. The seed pickup mechanism kept the seed 

tube full by rotating a metal finger in the bottom of the 

hopper. The finger kept the seed agitated so that they 

could feed freely down the seed tube. 

The planter was field tested at 4.83, 6.44 and s.as 

km/hr (3, 4 and 5 mi/hr) forward speed with no significant 

differences in seed spacing caused by the speed. The 

94 to 97 percent of the 

Although the planter was 

the wide shallow holes that 

planter successfully placed from 

seed in the punched holes. 

successful in placing seed in 

were punched, it's design limited the advantages achieved by 

punch planting. Because the seed were only dropped on the 

soil~ a press wheel was necessary to provide sufficient 

contact with the soil. The major advantages of punch 

planting are due to placing the seed deeper in the soil than 

normal and having no soil covering the seed. This planter 

was not designed to take advantage of these properties. 
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Two machines were developed by Heinemann et al. (1973) 

for planting seed which have physically weak seedlings such 

as carrot, lettuce, onion and beets. Both used the same 

principles but employed a different means of punching holes 

in the soil. The first machine used a pneumaticly actuated 

punch to form vertical holes in the soil 8 mm wide, 13 mm 

long and 18 mm deep. The punch was triggered by magnets 

locnted on a ground wheel, resulting in equally spaced holes 

regardless of forward speed. The second planter used a 

wheel with a series of punches mounted on it and an endless 

belt with holes punched to match the punch spacing. The 

belt stablized the soil around the punched hole and aided in 

placing the seed into the punched hole. In both cases a 

plate type seed meter was rotated through the seed hopper. 

Proper timing between the seed drop mechanism and the 

punched holes was used to place the seed into the holes. 

This timing made a uniform ground speed a critical factor. 

The pneumatic planter was field tested at 1.6 km/hr (1 

mi/hr). Fifteen percent of the holes did not contain a seed 

due to missing of the hole or failure to release a seed. 

After accounting for seed lot viability, less than 50 

percent of the properly planted seed emerged. The authors 

suggest punch planting would be more successful with a 

convex shaped seedbed and use of a soil stabilizer tci hold 

the punched hole's shape until the seedling emerges. 
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Wilkens et al. (1979) developed n dibble planter which 

punched the seed into the soil rather than dropping them 

in to a ho 1 e. The planter used magnetism to hold the seed 

and place them in the soil. The seed were coated with a 

compound containing iron oxide which made the seed 

attractive to the magnetic punches. The punches were 

mounted on a punch \Jheel and remained vertical by means of 

an eccentric disc. Seed were singulated by a vertical 

notched seed wheel and carried out of the hopper to meet the 

punches. After the seed transferred to the punch, it was 

carried along on the bottom of the punch until it was forced 

into the ground. The strength of the soil surrounding the 

seed was expected to hold the seed while the punch was 

removed. 

~he planter achieved good success in singulating the 

coated seed. At travel speeds of 1.6 km/hr, 98.3 percent of 

the holes contained one seed and there were no doubles. At 

3.2 km/hr the percentage of holes with one seed dropped to 

88. In a comparison with a Stan hay planter, the magnetic 

punch planter greatly decreased the time from planting to 

emergence. The time to 70 percent emergence of 

seedlings was 4.5 days for the punch planter and 

for the Stanhay planter. The rate of emergence 

faster for the punch planter. From 20 to 70 

emergence took 15 hours versus 40 hours for the 

planter. 

1 et tuce 

7.5 days 

was also 

percent 

Stan hay 
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Preplanting Seed Treatments. Many of the metering 

mechanisms previously discussed have incorporated the use of 

seed modification to improve the accuracy of the mechanism. 

This generally has involved pelletizing or coating the seed 

to result in a uniform sized symmetrical particle. In most 

cases this was done strictly to improve the handling and 

metering properties. Many different seed coating materials 

have been used with varying degrees of succcess. Many 

resenrchers have reported decreased emergence of coated 

seed. This decrease is most often associated with lowered' 

oxygen diffusion 

Millier, 1978). 

through the coating material (Sooter and 

As the practice of seed coating has 

evolved, several companies have developed coating materials 

and techniques. Robinson et al. (1975) evaluated seed 

coatings from several different firms. Lettuce seed were 

sent to seven commercial seed coating firms. Nine different 

coating types were field tested. A Stanhay belt planter 

equiped as specified by the companies for each coating was 

used to plant the seed. Although there were significant 

differences in percent emergence between the different 

coatings, all of the coatings provided an adequate stand for 

thinning to the final plant population. 

Other seed preparations have been investigated in an 

effort to provide more than just increased metering 

accuracy. Harriott (1970,1974) developed a system of 

placing seed in vermiculite tablets. In addition to easy 



metering, 

medium for 

developed 

the tablet 

the weak 

to singulate 

22 

provided a more desirable growing 

young seedlings. A planter was 

and precision place the tablets, 

which required a vertical ori~nt~tion for optimum emergence. 

This seed tablet system has been sucessfully used with many 

crops including cabbage, carrot, celery, broccoli, 

cauliflower, lettuce, onion and tomato. 

In an attempt to increase the plant stand by increasing 

seedling emergence, plug mix planters were developed to· 

place material in the furrow along with the seed to aid in 

seedling growth. In these planters, the seed was mixed with 

a soil medium which had been specially prepared to encourage 

seedling growth. These planters could only meter the soil 

mix, not the seed which were mixed in the soil. This lack 

of metering capability generally made the plug mix planters 

unacceptable for precision planting of seed. 

Practically all planters, experimental and 

conventional, have been designed to select and plant the 

seed while moving through the field. In an effort to 

separate these functions, Chancellor (1969) devised a system 

of placing the seed in a water soluble tape prior to 

planting. In this method, seed metering can take place in a 

constant controlled environment with relative freedom from 

the dust, 

planters. 

moisture and vibrations that limit most 'field 

After the seed is attached to the tape, the only 

operation left is to transfer the seed from the reel to the 

soil. Some difficulties still remain however. Field tests 
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indicate a 58 percent emergence can be expected from seed of 

92 percent germination. 

Fluid Planters. Planters have been developed which 

utilize water or water soluble gels to aid in planting or to 

promote seedling emergence. One advantage of the fluid 

planters was that fertilizers, pesticides or other chemicals 

could be accurately metered into the furrow along with the 

seed by disolving the chemicals in the liquid or gel before 

planting. By suspending the seed in water or gel they can 

be handled more gently, nl.lowing the sowing of soaked or 

gcrminrited seed. Gatzke et al. (1957) described a planter 

which metered seed suspended in water. The seed/water 

mixture was held in a tank and metered by a plate with cells 

on the circumference. As the cells aligned with the 

outlets, head pressure from the tank washed the seed out of 

the cells and into the furrow. 

Phillips and Scott (19(-)7) developed a planter in which 

the seed could be suspended in a cellulose based gel and 

extruded into the furrow intermittently or continuously. 

This is similar in function to planters designed by Fiedler 

and Summers (1972) and Fluid Drilling Limited (1978). The 

Fiedler and Summers planter pumped the seed/gel mixture from 

a large tank using flexible vane pumps. The Fluid Drilling 

planter was developed and sold as part of a system for 

planting pregerminated seed. It uses a peristaltic-type 

pump to transfer the seed/gel mixture to the ground. These 

planters can give accurate overall plant populations by 



24 

mixing n certain number of seed in a known volume of gel and 

extruding it at a known rate. However the intra-row spacing 

is completely random. 

A theoretical analysis of the seed spacing 

drill was conducted by Richardson and O'Dogherty 

of a fluid 

in 1972. 

Their analysis showed that the cummulative distribution of 

seed spacings from a completely mixed seed/fluid mixture 

extruded from a fluid planter would have the form of a 

Poisson distribution. They concluded that this distribution 

would be unsuitable for precision seeding of row crops and 

that fluid drilling would be most applicable if a method of. 

precision seed pl,acement was developed. According to the 

authors, the only time in which fluid seeding without 

precision metering would be useful would be when a 

biological advantage outweighs the effects of poor seed 

spacing. 

Seed Identification Methods 

Practically all of the planters previously discussed 

have used methods of metering which rely on the seed fill­

ing the metering mechanism based on the physical presence of 

a large nmmber of seed. While this may be acceptable for 

some crops and planters, for most seed it will not provide 

the precision necessary for planting directly to the desired 

plant population (planting to stand). Some means of identi­

fying individual seed is required to satisfy the needs of 
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precision planting. several methods have been developed to 

identify individual particles. 

Kim and Rohrbach (1972) used fluidics to detect a par­

ticle as it passed through a straight circular pipe. The 

authors passed plastic beads through a turbulent flow field 

that had been developed in the pipe. The use of fluidic 

devices accurately detected the particle presence. The sys­

tem was used strictly for detection and did not try to con­

trol the particle in any way. LePori et al. (1974) 

described a fluidic method of detecting and filling seed 

skips. The system 

planter that used 

was designed to operate on a pneumatic 

a pressurized drum with holes around the 

outside. As the drum rotated, air pressure would force the 

seed into the holes, from which they were later transfered 

to the soil. A detection system was devloped which recog­

nized missing seed and replaced them from a secondary 

source. Assuming a 90 percent accuracy of the initial 

planting system;- the additional detection circuitry could 

increase accuracy to 99 percent. 

An alternative method of determining seed presence is 

with pho tod etf~C tion. Seed can be passed through a 1 ig ht 

beam and the interrupted signal from a phototransistor will 

indicate the seed's presence. This method was used by Reid 

et al. (197ej) in development of a seed counter. Seed were 

allowed to fall from a vibratory bowl and break the light 

beam from an incandescent lamp. The seed counter was accu-
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rate to 1.5 percent of the total count for a range of seed 

types and 

lar type 

source. 

sizes. Reid and Buckley (1974) developed a simi­

seed counter which utilized a laser as the light 

The laser was used because it could be focused down 

to a very fine light beam. This was necessary for counting 

extremely small seed (l mm or less). The device was suc­

cessful in counting seed to an accuracy of five percent of 

the total count or less for most seed. Loss of accuracy in 

the device was due to the path taken by the seed as they 

travelled though the light beam rather than the detection 

system. 

Pregerminated Seed Research 

Much of the research on vegetable crop establishment 

has concentrated on the development of systems to give uni­

form plant stands and ultimately a higher quality and quan­

tity of the crop at harvest. This has also been the case 

for the pregerminated seed concept. The majority of work 

·with pregerminated seed has been done in England at the 

National Vegetable Research Station. After some unsuccess­

ful attempts to use pelleted seed, soluble tape, and other 

methods of providing artificial environments for germina­

tion, attempts were made to use pregerminated seed. This 

effort began in 1972 using a fluid drill designed by the 

Weed Research Organization (Currah, 1978). 
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The fluid drill was originally designed to reestablish 

pastures by sowing seed suspended in an aqueous medium. The 

drill used positive volumetric displacement to extrude the 

seed-fluid mixture into the soil. The procedure showed 

promising results when pregerminated seed were planted with 

the drill. Th~re was no advantage over conventional methods 

when planting dry seed unless the soil did not contain ade­

quate moisture (Anon. 1966). This fluid drill was later 

adapted for use with vegetable seed. 

Two methods were developed for providing large quanti­

ties of pregerminated seed. The first method provided con­

tinuous aeration and moisture while the second supplied air 

~no water intermittently. For the first method seed were 

placed in a column of water and were provided with ambient 

conditions suitable to stimulate growth. Air was bubbled 

into the column to aerate the seed and to keep them sus­

pended in the water (Darby and Salter, 197h). The second 

method consisted of placing the seed in partially filled 

nylon bags. The bc:tgs were then alternately soaked in clean 

water <And placed in a spin drier to remove the excess water 

and entrained air among the seed (Currah et al., 1976). The 

first method was used most often due to the amount of han­

dling required with the second method. 

During the germination procedure not all of the seed 

germinated. The entire mass of seed was sorted into viable 

and nonviable fractions by using a solution of the proper 
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density. 1\.s the radicle grew, the seed density was 

decreased. Taylor et al. (1977) used a sucrose solution to 

separate germinated celery and pepper seed. The separated 

seed had 95.2 nnd 97.6 percent emergence as compared to 72.8 

and 71.f1 percent for nonseparated celery and pepper seed. 

After germination the seed growth must be stopped or 

reduced if the seed cannot be planted immediately. This 

growth stoppage was achieved for up to two weeks by cooling 

the seed to nearly 0 degrees C (Currah, et a1., 1976). Tay­

lor (1977) reported that pregerminated seed of asparagus, 

carrot, celery, and onion were not significantly affected by 

cold storage (1 degree C) up to 6 days. However, pepper and 

tomilto seed experienced decreased percentage emergence when 

stored at 5 degrees c for 3 or 6 days. 

Planting pregerminated seed accelerated seedling emer­

gence in almost all vegetables (Currah et al., 1974; Bid­

dington et a1., 1975; Gray, 1976 and Gray, 1974). During 

germination, conditions which cause delayed emergence in the 

soil could be avoided. These could include lack of light, 

low or high temperature dormancy, and improper moisture 

availability. In addition, artificial environments were 

used to an advantage for some crops. The amount of water 

absorbed by seed was controlled by suspending them in an 

osmotic media (Heydecker et al., 1973). This brought all 

the seed to the brink of germination simultaneously. They 

were then germinated and planted sychronously, leading to a 

more uniform emergence and more uniformity at harvest. Cur-
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rah et al. (1974) reported that celery seed germinated with 

sufficient light in the laboratory gave a 60 percent stand 

compared with dry seed which gave a 2 percent stand. 

The seed of some species will not germinate at low 

temperatures although the seedlings can grow satisfactorily 

at those temperatures. In soils below 10 to 12 degrees C 

young cucumbers, sweet corn, and tomatoes can grow, but the 

seed will not germinate. Fluid drilled pregerminated tomato 

seed yielded up to 50 percent more fruit than dry sown seed 

(Currah, 1978). The earlier emergence of the pregerminated 

seed allowed them to utilize more of the short British grow­

irig season, resulting in a large increase in yield. Bussell 

and Gray (197~) found that in soils at 10 degrees c, preger­

mination of tomato seed reduced the time of emergence to 17 

days compared with 41 days for dry seed. With soil tempera­

ture of 18 degrees c emergence time was reduced from 11 days 

to 5 days by using pregerminated seed. In research on the 

Gray (1976) found that 60 to effects of time to emergence, 

90 percent of the variation in mature lettuce head weight 

and the date of head maturity could be accounted for by var­

iation in the date of seedling emergence. Pregerminated 

seed sown with a fluid drill emerged within 5 days after 

planting compared to a 10 day span for the dry seed. 
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EXPERIMENTAL EQUIPMENT AND PROCEDURES 

Experimental Equipment 

Viscosity Measurement 

In the process of analyzing various gels for use in a 

pregerminated seed meter, one of the criteria was the gel's 

viscosity characteristics. For this purpose three different 

viscometers were used, two Couette types (rotational flow 

between concentric cylinders) and a Poiseuille type (capil­

lary flow) viscometer. The Couette viscometers we~e the 

commercially available Fann V-G meter and the Brookfield 

Model RVT synchro-Lectric Viscometer. The Poiseuille vis-

corneter was a custom made piston extrusion type. 

The Fann viscometer (Figure 2) consisted of a constant 

speed synchronous motor, a torsional calibrated ~pring, a 

bob and a rotating cylinder. The bob was connected to the 

housing through the calibrated spring. The cylinder could 

be driven at 3, G, 100, 200, 300, and 600 rev/min. The bob 

was suspended inside the rotating cylinder and the amount of 

viscous drag was measured by reading a dial located on the 

top of the drive housing. The range of the viscometer was 

determined by the torsional spring and the cylinder-bob com-
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bination. Only one spring and one cylinder-bob combination 

were available for this work. The spring used was rated at 

0.38~ x 10-4 Nt-m/degree. The cylinder had an inside radius 

of 18.415 mm and the bob was 17.245 mm in radius and 38.0 mm 

long. 

Figure 2. Fann V-G Meter 

F.quations for calculating shear stress and shear rate 

were provided by the manufacturer (Onufer, 1978}. The con­

st~nt values were also provided for each torsional spring 

and cylinder-bob combination. From each set of shear stress 

and shear rate values, the apparent dynamic viscosity could 

be determined. 



]..! = -r/y 

-r - shear stress 

k 1 - constant for torsional spring 

k 2 - shear stress constant for bob 

e - dial reading 

y - shear rate 

k 3 - shear rate constant for cylinder-bob 
combination 

w - cylinder angular velocity 

]..! - apparent dynamic viscosity 
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( 1) . 

(2) 

( 3) 

The Brookfield Synchro-Lectric Viscometer Model RVT 

(Figure 1) is very similar in principle to the Fann viscome-

ter. It consisted of a synchronous motor, a calibrated tor-

sional spring, a dial for reading angular displacement of 

the spring and a series of cylinders of various sizes. The 

model RVT was capable of rotating at .5, 1, 2.5, 5, 10, 20, 

50, and 100 rev/min. The viscosity measuring range was 

changed by attaching the different cylinders. The cylinders 

were driven by the motor through the torsional spring. The 

spring measured the viscous drag as the cylinder rotated in 

a stationary container. The full scale torque of the Model 

RVT torsional spring was 0.7187 x u~-3 Nt-m. The cylinders 
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vary in diameter from 3.18 to 18.84 mm. The manufacturer 

recommended using a standard 6~e ml Griffin beaker to con-

tain the liquid being measured. Brookfield (1966) lists the 

following formula for determining shear rate and shear 

stress. 

Figure 1. Brookfield Sychro­
Electric · visco­
meter 



1: = 
27T R~ L 

l. 

2w .R2 
0 

R~ 
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l." 

R0 - outer cylinder radius 

R. - inner cylinder radius 
l. 

d - distance from the axis of rotation where 
shear rate is measured 

L - cylinder length 
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(4) 

( 5) 

The capillary viscometer was constructed to provide a 

higher shear rate than was achieved with the rotational vis-

cometers and to provide a viscosity measurement in an 

arrangement more neArly like that to be used in the seed 

meter design. The capillary viscometer is shown in Figure 

~. ~Graham variable speed drive unit was used to drive the 

piston throul)h a rack and pinion gear arrangement. The 

inside diameter of the cylinder was 25 mm. A funnel and 

ball valve assembly attached to the cylinder was used to 

lood the gel. The capillary tube consisted of a 9.5 rnm 

inside diameter section of Tygon tubing. The pressure drop 

across a 3.84 m length of tubing was recorded by a strain 

gaqe type pressure transducer and a millivolt recorder. The 

pressure transducer was located 380 rnm from the entry point 

of the tubing, in order to eliminate any error due to 
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turbulence at the tubing inlet. The gel was allowed to exit 

the tubing at ambient conditions. 

Figure 4. Capillary Viscometer with 
Loading Funnel and Valve 

Von wazcr et al. (1963) lists a number of conditions 

which should be met by capillary viscometers for accurate 

meosurement of non-Newtonian fluids. These include: 

1. the flow must be steady 

2. there are no radial or tangential components 
of the velocity 

1. the ~xial velocity is a function of the 
distance from the axis alone 

4. there is no slippage at the wall 

'>. the tube is suf f ic ien tl y long to make end 



effects negligible 

fi. the fluid is incompressible 

7. there are no e~ternal forces 

9. isothermal conditions prevail throughout 

9. viscosity does not change appreciably with 
the change in pressure down the tube 
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Points one, two, three, f:ive, seven and eight were met by 

the physic~l design and layout of thu viscometer. Point 

four was fulfilled by insuring that only gel was allowed in 

the system during use and points si:< and nine were met by 

t h ·~ p r o pe r t i e s o f t he g e 1 s • 

The! development of equations of shear stress and shear 

rate for capillary flow has been well documented (Van Wazer 

et al., 1903, and Alves, 1948) and will not be repeated 

here. The equotions ore as follows: 

T.w = (6P•R )/(2·L ) c c 

Yw- { (3+b)/4}(4Q/nR~) 

1 - shear stress at the capillary wall 
w 

p - pressure in the capillary 

Rc - capillary radius 

L - capillary length 
c 

y - shear rate at the capillary wall 
w 

b - correction factor 

Q - volumetric flowrate 

(G) 

( 7 ) 
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tn equation (7), the term in the first brackets is 

known as the Rabinowitsch correction factor. For Newtonian 

fluids, this term will be one and it will increase or 

decrease with the degree in which the fluid is non-

Newtonian. 1'he correction factor b can be determined from 

3 
th~ slope of the log-log plot of 4Q/TIRc versus Lw 

Seed Germination and Separation 

For use in the development work of the pregerminated 

seed planter, a convenient source of pregerminated seed was 

nccessr:~ry. This was provided by germinating the seed on 

location using germinating columns. The germinating appara-

tus consisted of a compressed air source, a water bath, a 

series of needle valves and plexiglass columns. The com-

pressed air was bubbled through the water bath to remove any 

oil or oth~r foreign material and to insure a high moisture 

content in the air. The plexiglass columns were filled with 

water and uir was diffused through them by using an airstone 

in the bottom of the column. Each column had an individual 

valve for air flow control. The seed were added to the col-

umns of water and allowed to gently agitate until they 

reached the desired stage of germination. 

For most of the development work being reported here, 

the seed lot germination percentage was high enough· for use 

without sorting out the nonviable seed. However in some 

cases the seed were sorted to give a higher germination per-

Cf~n tag e. The seed separation technique used was developed 
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by 'l'aylor et al. (1977). A large glass column with a funnel 

shaped bottom (Figure 5) was filled with a sucrose solution 

mixed to a predetermined specific gravity. Table I lists 

the specific gravities used for separation of the vegetable 

seed used in this study (Taylor, 1978). The germinated seed 

were placed in the sucrose solution and allowed to separate. 

After about 30 seconds most of the nongerminated seed set-

tled to the bottom of the column. They were then removed by 

allowing the sucrose mixture and seed to drain out the bot-

tom. After the unwanted seed were removed, the remainder of 

the seed and sucrose was drained from the column. The seed 

wece removed from the sucrose solution by straining and were 

thoroughly rinsed to remove any sucrose residue. 

'l'ABLE I 

SPECIFIC GRAVITIES USED FOR SEED 
SEPARATION 

SEED TYPE I SPECIFIC GRAVITY 

Tomato 1.10 

Cabbage l. 09 

Cue umber 1.12 

Lettuce 1.06 



Figur~ S. Seed Separation 
Column 

Seed Suspension Tests 
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In order to t~st the ability of th~ prospective gels to 

hold the seed in suspension, an All American Model 25 HAT 

horizontal vibration table was used. Four plexiglass con-

t~iners were construct~d and clamped to the top of the 

vibr~ting table by means of an aluminum plate (Figure r,). 

~f.ter being filled with the appropriate seed/gel mixture, 
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the four containers were all attached to the table and 

vibrated simultaneously. 

Figure ~. Seed/Gel Suspensions Moun ted 
on the Vibrating Table 

Both before and after the suspension tests, each mix-

ture was sampled with the apparatus shown in Figure 7. The 

sampler consisted of two plexiglass tubes, a pipetting bulb 

ann connecting tubes. Each column was sized to remove five 

percent of the to tal volume of the seed/gel container. The 

tub es were etched in thirds to aid in removing the samples 

from the tube properly. 



Figure 7. Sampling Apparatus for Seed 
Suspension Tests 

Seed Spacing Distribution Analysis 
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To ev~luate th~ effectiveness of the metering system, 

seed spacings were record~d on high speed film. 1\ Fastax 

Mod el WF3 high speed camera with 16 mm Kodak 4-X (ASA 4D~) 

black dnd white reversal film was used for the unmetered 

:;;pa.: ing tests. 1\ Bolex movie camera with 16 mm Kodak Tri-X 

(ASA 200) black and white reversal film was used with 

metered seed spacing distributions because they did not 

require the high speed camera. In both cases the seed were 

extruded onto a continuous belt and passed before the movie 

earner a. Included in the framing area of the camera was a 

linear scale marked every S mm. The seed passed beneath the 
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scale, allowing for accurate measurement of the seed 

spacing. 

For development of the metering system, a planter test, 

stand was used. The test stand consisted of an endless belt 

and a Graham Model 250 52.8 variable speed drive unit. By 

varying the drive unit, belt speeds of 0 to approximately 20 

km/hr could be obtained. The belt was painted white and 

marked every 200 mm to aid in the determination of the seed 

spacing. 

After the seed spacings were recorded on film and the 

film developed, the spacing distribution was measured using 

a film i'lnal.yzer. This allowed the film to be viewed one 

frame at a time. Each frame was projected onto a screen and 

the operator controlled the film motion. The individual 

spacings were determined from the scale in the picture. 

Experimental Procedure 

Gel Evaluation 

For development and testing of the metering system, a 

medium was needed which could both carry and protect the 

fragile seeds. These functions seemed to be best met by gel 

type fluids. Most gels have the advantage of high viscosity 

which aids in seed suspension and protection. The following 

is a list of requirements that an ideal gel would meet: 

1. Economical and readily available 

2. Provide adequate seed suspension under field 
conditions 



1. Easily prepared, handled and cleaned up after 
use 

4. Have no corrosive effects on equipment 

5. transmit light readily 

~. Have a low sensitivity to salts 

7. Have no phytotoxic or growth inhibitory 
effects on seeds 
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The gels tested for use in this work were all water 

swellable gels. When mixed in water, they absorbed many 

times their weight and would result in highly viscous 

fluids. Most of these compounds were both economical and 

easily available. All the gels had at least some seed 

suspension qualities. A wide range in the ease of 

preparation and handling was experienced and this was an 

important factor in determining a gel for use in this study. 

Corrosive effects of the gels were not specifically studied. 

However, none were noticed to be visibly more corrosive than 

water. ~high light transmisivity was desirable in order to 

allow the use of photoelectric devices for seed detection. 

Salt sensitivity was important because it could be very 

desirable to include fertilizers, pesticides or growth 

regulating compounds in the gel. Salt sensitivity ranged 

from highly sensitive to practically no sensitivity (Taylor, 

197 8) • Any growth inhibitory effect in the gels would be 

defeating the reason for using pregerminated seeds, i.e. 

faster and more uniform seedling emergence. 

Six different gels were evaluated for use in the 

metering system development. Table II lists the different 
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gels that were obtained and tested for use. 

These 

TABLE I I 

GELS EVALUATED FOR USE IN METERING 
PREGERMINATED SEED 

GEL TRADE NAME 

CLD 
SGP 

Viterra II 
Polymer 15-B-100 

Starpol U:l0 
Gum Blend 

MAJOR COMPONENT 

Cellulose 
Starch 

Pol yac ryl am ide 
Starch 
Starch 

Gum 

gels were analyzed for ease of mixing, 

consistency of gel after mixing and ease of clean up after 

mixing. Although only a subjective evaluation was made of 

these characteristics, there were large differences between 

the gels. Some, such as SGP and Starpol 100 were difficult 

to mix into suspension. They formed clumps of material 

which were hard to disptHSe. Gum Blend was subject to 

enzymatic action and required denaturing if it was not used 

rnpidly. Other gels had varying degrees of light 

transmissivity, salt sensitivity and phytotoxic effects 

(Taylor, 197 8) • Two gels (CLD and Viterra II) were 

initially identified for use with the seed meter. Both of 

these gels were evaluated for their viscosity and seed 
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suspension qualities. 

Viscositl Determinations 

Viscosity measurements were taken for Viterra II and 

CLD using both rotational and capillary viscometers. The 

gels were mixed to the desired concentration (percentage by 

weight) in demineralized water using a propeller type labo-

r a tory , s t i r r e r . Th c 

appeared to be complete. 

mixtures were stirred until mixing 

The gel was then allowed to stand 

approximately thirty minutes to obtain its full viscosity. 

All tests were conducted at ambient temperature (23-25 

degrees C) • 

Initial viscosity tests on Viterra II were conducted 

with both the Brookfield and Fann rotational viscometers. 

Measurements for CLD were taken only with the Brookfield 

viscometer. The gels were placed in standard 500 ml Griffin 

beakers for the tests. This container was recommended by 

the manufacturer for use with the Brookfield viscometer. 

Due to the configuration of the Fann viscometer, container 

size was not important as long as a sufficient depth of 

fluid was maintained. 

For each measurement, the rotating cylinder or bob was 

lowered into the gel to the recommended depth. The desired 

rotation speed was selected and the viscometer turned on. 

The cylinder or bob was then allowed to rotate until an 

equilibrium reading appeared to have been achieved, normally 

about 30 sec. In addition to the equilibrium viscosity 
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tests, a determination was made of Viterra II visocity as a 

function of time at a constant shear rate. In this case the 

viscometer was allowed to rotate for an extended length of 

time and readings were taken periodically. 

Viscosity measurements were also taken for both gels 

using the capillary viscometer. The gels were mixed in a 

manner identical to that for the rotational viscometers but 

in larger quantities. After mixing, the gel was loaded into 

the viscometer by means of the funnel and ball valve on the 

cylinder. The ball valve was opened, the piston drawn back 

and the gel filled the cylinder. After purging all air from 

the cylinder and tubing, 

to remain bubble free. 

drive unit was set to the 

careful loading allowed the system 

After loading, the variable speed 

desired piston speed, the milli-

volt recorder was turned on and the piston was started. The 

cylinder of gel was extruded and the pressure in the tubing 

was recorded. Tests were conducted for each gel at a number 

of concentrations and gel velocities. 

Data from all of the viscosities tests were analyzed 

for shear stress and shear rate. The data reduction methods 

suggested by Vnn Wnzer et al. (1903) were used to determine 

the relfltionships between shear stress, shear rate and 

dynamic viscosity. The regression procedure of the Statis­

tical Analysis System (SAS) was used in this analysis. 

Seed Suspension Tests 

Seed suspension tests were conducted for both CLD and 
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Vitcrra II. Germinated seed were mixed in the gels and 

vibrated to determine if the seeds would settle to the bot-

tom of the container. Cucumber seed were used in these 

experiments because they were the densest seed to be used in 

testing the metering system. A randomized block experimen-

tal design was used with gel concentration as the treatment. 

Each treatment was replicated twice and each replication was 

sampled twice. 

After mixing the gel concentrations, 700 germinated 

cucumber seed were added to the gel at a one seed/ml rate. 

The seed were mixed as uniformly as possible into the gel 

and the mixture w<1s placed in a container to be clamped to 

the vibration table. Two samples were taken from the con-

tainer before vibration. Each sample contained five percent 

of the total ~nd was separated into three parts, upper, mid-

dle and lower thirds. 'rhe number of seed in each third was 

coLmted. This sampling procedure was conducted immediately 

after the mixture was placed in the container, allowing no 

time for seed settling prior to sampling. A 1 id was placed 

over the gel and allowed no air space above the gel. This 

eliminated any wave action and the resulting seed movement. 

Four different gel concentrations were placed on the v ibra-

tion table and vibrated at 15 and 50 Hz with a 3.8 mm ampl i-

tude for one hour (Vi terra II was only vibrated at 15 Hz) • 

After one hour the containers wore removed and samples were 

taken again by the same method. After the seed were coun-

ted, each value was divided by 0.9 (Weeks, 1978). This cor-
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rection factor was used because the before vibration samples 

were taken without replacement. This meant that the after 

vibr~tion samples were taken from only 90 percent of the 

original seed/gel mixture. 

Unmetered Seed Spacing Determination 

Richardson and O'Dogherty (1972) predicted that the 

cumulative spacing distribution between seed uniformly mixed 

in a fluid would have a Passion type distribution upon 

extrusion of the mixture. This prediction had not been 

proven experimentally however. In an attempt to determine 

thr:~ amount of improvement in seed spacing that was actually 

needed, tests w~re conducted to determine the spacing dis­

tribution f:rom a uniform gel/seed mil<ture. 

Tests were conducterl with cucumber seed to determine 

the effects of gel to seed ratios and outlet speed on the 

spacing distribution. The gel/seed mixture was forced 

through a funnel to a tubing with an inside diameter of 5 

mm, sl ig htl y 1 arg er than the seed width. This placed the 

St~ed in Ll sing 1 e file manner on the belt. The extrusion 

tube was made to flow full at all times and the gel exited 

the tubing at the same velocity as the belt it was extruded 

on. Pressure in the holding tank was varied in order to 

keep the belt and gel exit velocities equal. 

Cucumber seed were mixed to the desired seed to gel 

con c en t r a t ion in a one pe r c en t Vi t e r r a I I g e 1 • The mixture 

was stirred by hand until the seed were as uniformly mixed 



49 

as possible. Tt wrls thuo pli.lced in u tank to be pressurized 

with compressed air. The gel was e;<truded onto a continuous 

belt and carried past a high speed movie camera. Spacing 

data was visually taken from the developed film and recorded 

manually. 

Tests were conducted at travel speeds of 1, 3, 5 and 7 

km/hr. Gel/seed ratios used were 1, 2, 3, 4 and 5 ml/seed. 

The spacing oistribution equations were determined using SAS 

regression routines. The resulting equations were compnred 

t.o th<"! pr1~dicted equntions to determine the accuracy of the~ 

prPdictions. The (Jc~l t:o seed ratio and travel speed varia­

bles \Wrc r:xamined for their effect on the spacing distrib-

utior1. Based on the distribution prediction equation, an 

estimate of the distribution mean was derived. 

Metered Seed Spacing DeterminDtion 

Tests were condu~ted with the seed metering system to 

determine the accurncy of the spacing it produced. Four 

different seed types were used in the testing. The seed 

us~~cl included cabbnge, v sph~rical seed approximately 3.5 mm 

in di~meter; tomato, a round, flat seed about 3.0 mm in 

clir~m~ter; lettuce, a long, round seed about 5 mm long and 2 

mm in diameter; and cucumber a large seed with an oval eros­

section, i1pproximately 15 mm long and 5 mm wide. The major­

ity of tests wc:re conducted \dth cnbbage seeds. As a spher­

i8nl seAJ of average size it was the seed most easily 

meLered by the! ~ystem. Tile oth·~r three S!..!ed were used to 
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determine the metering mechanism's ability to handle various 

seed sizes and shapes. 

Seed used in testing were germinated in aeration col­

umns at the Agricultural Engineering Laboratory. The seed 

w1~re germini:lted to the point where the radicle had a length 

of l to 7. mm. An approximate seed count was determined by 

·,vci]hin•J and th(~ dc.sired nutnbt~r of seed was mixed into a 

prcviou!;ly prep<trccl l.O percent concentration of Viterra II. 

Th·:.: S2(!d vverl! mixed in the gel as uniformly as possible with 

a spi.ltula. G~l/seed ri:ltios of 4.0, 3.fl, 2.~) and 1.0 ml/seed 

were mixed und tested in ttw system. The mixtures were 

poured into the seed/gel tank and prcssurizdd. A 0.5 per-

cent mixture of Viterra II was placed in the gel tank and 

also pressurized. 

The spacing distribution tests were conducted on the 

planter test stano in a manner similar to the unmeterecl 

sp~cing tests. At each gel/seed ratio, 

vlc~rc: testNl from the same tank mixture. 

all metering rates 

For each gel/seed 

ratio, the meterinq system vms started up and adjusted at 

tr1<:~ slowr~st me tcr ing rate. The tank pressures and the POE­

LAY time delay were adjusted to achieve the optimum system 

performance. By causing the seed to be caught at different 

locations in the input cells, the output of the mechanism 

\vas uffected. After the system had been adjusted to the 

point where the spacing appeared to be the most uniform, 

results were recorded for metering rates of 0.5, 1.0, 2.0 

and 3.0 seeds/sec. In addition rates of 4.0 and 5.0 
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seeds/sec were taken ilt the 2.0 ml/seed ratio. The only 

change between tests at a single gel/seed ratio was in th·~ 

speed of the belt which increased the metering rate. All 

tests were recorded on film and spacing data was tak.;m with 

methods similar to those used for the unmetered tests. 

After the data had been recorded, each combinatiort of 

gel/seed ratio and metering rate was analyzed for metering 

error and sp~cing uniformity. A skip was defined as any 

spAcings grenter than 150 percent. of the desired spacing. 

!my spncing less than '5n percent of the desired spacing was 

c~lle~ A double. Skips nnd doubles were considered metering 

errors. The percentages of skips and doubles were deter­

mined by d iv id in•J the number of skips and doubles by the 

theoretical number of spacings. The theoretic<~l number of 

spacings repres·~nted the number of spacings which would have 

been se.:.m if the distribution had been pt.H feet and was cal­

culilted by adding the number of skips and subtracting the 

number of doubles from the actual number of spacings 

recon.led. 

The metering uniformity \llr:ts considered for all spacin•JS 

within 50 to lSO percent of the desired spacing. All other 

spacings were cnlled metering errors and were not included. 

The distribution means and variances were used as measures 

of uniformity. 



CHAP'rER IV 

DESIGN OF METERING SYSTEM 

Design Objectives 

In the development of .1 concept for a precision planter 

of pregerminated seod, certain objectives were identified 

which the pltmter should meet. These included: 

1. DamG~ge to the pregerminated seed must be less 
than one percent of the seed pl<mted. 

2. Metered seed must follow a continuous, 
identical path from the meter to the furrow. 

1. The meterin(J system must be portable and 
achieve metering rates of ten seed per second 
or greater. 

The primAry reason for precision planting of 

pregerminAterl seed W(lS to plant directly to the desired 

pl<·mt population, eliminating overplanting and 

thinning. It w~s necessary that each seed planted be viable 

<1 n rl g r o w i n to a he a l thy p l an t • Because of thG fragile 

nature of the seeu after germinating, it was desirable to 

handle, t r <:l n s po r t r1 n d me t e r the seed w i t h a s l i t t 1 e 

meclvmical contact as possible. Other researcher's work 

(Currah et al., 19711; Fiedler and Summers, 1972; Lickerisll 

and Darby, 1976) has shown th<lt suspending the seed in a gel 

or fluid is extremely successful in protecting the seed from 
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damc.1g c. In order to utilize the protection of gel 

suspension, a metering method was developed which sensed the 

seed's presence in the ':Jel and metered it without physically 

handling the seed itself. 

A major cause of randomness in most dry seed meters is 

the path or trajectory trwt a seed follows from the meter to 

the furrow. Because on must planters the seed path is never 

the same for adjacent seed, even seed from a perfect 

metering device would have a random factor in their spacing 

~istribution. To correct this problem the seed must be made 

to follow the same path at the same rate. By utilizing a 

continuous flow of gel from the meter to the furrow, the 

proposed met,~riwJ system forced the metered seed into 

i d (~ n t i c a 1 pa t h s • 

The reasons behind the third design objective are 

reasonably clear. If a planter is to be successful it needs 

to be capable of use in the field and at a reasonable rate. 

A m~chino to precision meter seed suspended in water has 

been developed (Fluid Drilling Limited, 1978b) , but it is 

too large and slow for field use and is used strictly for 

stationary greenhouse work. A metering rate of ten 

seed/second wus considered a reasonable target rate. ~t 150 

mm seed spacings, this would allow a ground speed of 5.4 

km/hr. 

Metering System Components 

The ~eerl metering system consists of five major parts 
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and is illustrated in Figure 8. The major components were a 

holding tonk for the seed/gel mixture, a holding tank for 

gel only, a device to force the. seed into a single file, the 

seed metering mechanism and a microcomputer to control the 

metl'~r and its inputs. Figure 9 shows the physical layout of 

th~ metering system And the planter test stand used for 

ev cJ lt w t i o n • 

Holding Ttmks 

Two similar tnnks were built to hold the gel and 

s e e dIg e 1 m i x t u t e s n e c e s sa r y f o r the o pe r a t i o n o f the s e e d 

met~r. Each tank was constructed to hold internal pressures 

up to 350 kPa. 'l'he tanks were cylindrical with a cone 

shaped bottom to aid in removing all the gel. The material 

was landed in the top of the tanks and the lids were fas-

tened with bolts moun ted on the tank. The tanks were pres-

surized with compressed air and each had a regulator and 

pressure gaugP for independent pressurization. The gel flow 

rntes through the meter were controlled by tank pressure. 

Single File Device 

In order to meter individual seed a means of placing 

tile seed in single file was necessary. Th e 1 o ng i t ud in a 1 

spacing between seed was not as critical as the need for 

single seed as they l~ntered the metering device. Figure Hl 

shows one of tl1'~ single file devices used. The devices were 

machined out of plexiglass rod to allow a visual check of 
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the seed as they flowed through the device. A gradual 

taper down to the diameter of the seed was used to force the 

seed to exit one at a time. The lower end of the single 

file device was threaded to be accepted by the metering 

mechanism. Because of it's shape and function, the device 

was referred to ~sa seed funnel. 

Figure 9. The Physical Layout of the 
Meter in<) System as used. A) 
Metering Mechanism B) Motor 
Controllers C) Microcompu­
ter D) Encoder E) Gel Tanks 
F) Filming Scale 



Figure 10. A Seed r'unnel to Place 
Seed in Single File. 

Metering Mechanism 

57 

The metering mechanism performed the most difficult 

ti'lsk in the met<H ing system. It was required to transform a 

r~nnom seed input to a fixed output. As the seed emerged 

from th~ seed funnel, the metering mech~nism had to be capa-

ble of trvppin~ the individual seed, holding the seed in 

readiness and releasing tha seed at the necessary time. The 

mechanism consisted of several parts including: an aluminum 

mounting frame, an input disk and housing, a transfer block, 

an output disk <111d housing, two photoelectric detectors and 

two stepping motors. Appendix A contains detailed drawings 

of the various parts. 
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The mounting frame was carefully milled from a solid 

block of aluminum. This was done to provide mounting sur­

faces that were as nearly parallel as possible. The disks 

~nd housings were constructed with close tolerances and 

required thAt mounting surfaces be parallel 

redu,;e the drag on the disks while tht!y rotated. 

in order to 

The disks 

were mounted inside the frame in an offset manner. The 

driving motors were mounted outside the frame on opposite 

sides. 

Tbc disks, disk housings and the transfer block were 

constructed of plexiglass. The plexiglass parts are shown 

in Figure 11. Plexiglass was chosen for part construction 

bec~use of several qualities: visuAl clarity, lightweight, 

easy mn~hininq ond relatively low coefficient of friction. 

Figure 12 shows the input disk. It had twenty cells of 

G mm diameter around the outer edge. The cells were spaced 

evenly around the disk with (J mm between the cells. This 

;1rr;:rvJement i'lllo\,,~d the disk to rotate half way between the 

cells and shut off th~~ flo\·/ ~>f the seed/gel mixture. The 

disk wos contained in <J bou;;ing with a 0.04 mm average 

cle-:crance between the disk and housing. This allowed the 

disk rotation to effectively cut off the seed/gel flow. One 

of the photo-electric detectors was mounted in the housing 5 

mm before th(~ edge of the rlisk. This allowed the seed to be 

detected just prior to entering the cell. This location of 

the seed detection device close to the disk helped to elimi­

n~te the trappinq of multiple seed. 



Figure 11. Metering Mechanism Parts 

Figure 12. Plexiglnss Input Disk from 
Metering Mechanism. 
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The output disk was similnr to the input disk but with 

twice the number of cells. This nwnber of cells was neces-

s0ry because of the function of the disk. One of the objec-

tives of the metering system was to provide a continuous 

output. By placing the cells close together on the output 

disk, the gel flow was never entirely cut off. As one cell 

was being closed off, an adjacent cell was being opened. 

This providect the nec~ssary flow to keep the seed moving 

townrcls the outlet. The output disk was contained in a sim-

ilar housing to thnt of the input disk, but without the pho-

toelectric detector. 

~wo transfer blocks were constructed, one with a 3.5 mm 

opening for small seed and one with a 5 mm opening for 

larger seed. A transfer block was mounted between input and 

output housings. The second photoelectric detector was 

mounted in this block. The block had only a single passage-

way for seed to move from the input to the output disk. As 

the seed passed between the light source and the photo-tran-

sister, it was s~nsed and a timing function was initiated. 

The roti1tion<1l motion of the disks was supplied by 

s teppi n<J mote r s. The disks needed to be rotated a fixed 

an<Jular displacement in order to keep the cells properly 

i'llignr::!n. Superior Electric Model' M092-FD3Hl stepping motors 

w~rr used to supply this motion. These electrical motors 

h~ve 1.8 degree steps or 200 steps per revolution. This 

<lllowerl five steps between the cells on the output disk and 
.. 

ten steps between cells on the input disk. Each m o to r was 
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driven by a separate controlling unit. These controllers 

accepted a negative logic input with each pulse causing the 

motor to rotate one step. The amount of disk rotation could 

be easily controlled by the number of pulses input to the 

controllers. Figure 11 shows the metering mechanism assem­

bled inclu~ing the stepping motors. 

Tr~vel Speed Detection 

In order for the metering system to perform accurately, 

a means of detecting travel speed was necessary. 'rhe rate 

of travel needed to be rapidly detected in order for the 

metering mechanism to be able to adjust to any changes. An 

additional requirement of the detector was that it have a 

digital output in order to interface with the microcomputer. 

An optical encoder was used to detect the travel speed. 

Through use of a photoelectric cell and proper circuitry, 

the encoder translated the rotation of a shaft into a series 

of pulses with a constant relationship between distance 

tr~vele~ and the number of pulses. For use with the meter-

i n!J sys tern, the encoder wa~ set to provide one pulse for 

every ten mm of travel. 

Microcomputer 

The concept of precision planting neccesitated the 

identification of individual seed in order to control their 

sptlcing. This emphasis on identification of tbe seed before 

metering required that some type of monitoring and decision 
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making device be included in the system. Conventional 

planters rely on the probability that a seed will be metered 

and so require no decision making ability. Although this 

makes a much simpler mechanism, it will inherently have 

errors in the output. 

Figure 13. The A$sembled Metering 
Mechanism. 

An Intel model MCS 85 microcomputer was used for moni-

toring nnd controlling the metP.ring system. The MCS 85 was 

bnsed on lntel's ~0R5 central processing unit integrated 

circuit and was equipped with 2~0~ bytes of Read Only Memory 

(R0M), 2~r, bytes of Random Access Memory (RAM}, a six digit 



63 

LED display unit and a keypad for data input. The 

microcomputer in its standard form had insufficient memory 

for program storage, so a 2000 byte Erasable Programmable 

Read Only Memory (EPROM) was added. 

Metering System Operation 

Metering Mechanism Operation 

Figure 14 shows the pAth that a seed must travel 

through the meter. As seed came through the seed funnel, 

they were placed in single file. In this way the seed 

p~ssed the first photoelectric detector individually. After 

being detected, a time delay allowed the seed to move into a 

cell of the input disk. The disk then rotated, trapping the 

seed in the cell. The input disk initially rotated halfway 

between the cells. It remained in this position, with the 

seed/gel flow blocked, until time for a seed output. The 

disk then rotated until a new cell was aligned and the 

seed/gel flow was resumed. 

At the s~me time seed moved into the cells of the input 

disk, the previously trapped seed were exiting the cells on 

the opposite side. Because the input disk had an even num­

ber of cells, both inlet and outlet cells were aligned at 

the same time. Gel from the second tank forced the seed 

past the second photoelectric sensor and into a cell on the 

output disk. Tl1e sensor triggered a timing circuit which 

trapped the seed in the output disk. The output disk also 

had an even number of cells so that as a seed was trapped on 
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one side of the disk, another seed \Jas released at the 

outlet side. The cells on the outlet disk were spaced 

closely together so that the output gel flow was never 

hill ted • This provided the metered seed with a continuous 

flow to the furrow. 

The disks rotated independently in order to achieve a 

seed spacing output that was independent of the input. The 

input disk rotated on the availability of seed. When a seed 

was detected, the disk advanced to cut off the seed/gel 

flow. When a seed output was required, the input cell 

rotated so that a trapped seed would transfer to the output 

disk. While trapping the Sf.!ed, the output disk also 

released another seed to the furrow. 

Control System Development 

A programmable microcomputer was used as the basis of a 

controlling system for the seed meter. The program for the 

microcomputer was responsible for monitoring two photoelec­

tric detectors and an optical encoder and for controlling 

two stepping motors in response to the inputs. Figure 15 

lists the events that the control system needed to monitor 

c1nd regulate durin') a sc-~ed's movement through the metering 

mechanism. 

The metering sequence was intiated when the first pho­

toelectric detector determined that a seed was present. 

·rhis signal started a prrNiously programed time delay which 

allowed the seed time to move into a cell on the disk. At 
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TO TR~P SEED 

Figure 15. The Order of 
Events That 
the Micro­
computer 
Controls. 

the end of the time delay, the input disk was rotated to 

trap the seed. The spacing between seed was determined by 

programing a co un te r which counted pulses from the optical 

encoder. When the desired count was achieved, the input 

disk was rotated so that a seed could transfer to the output 

disk. At this point two events were occurring simultane-

ously. A seed w~s transfering to the output disk and the 

input disk w~s waiting to trap another seed. The seed 
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transfer was timed by the s~cond photoelectric detector. 

After the input disk was rotated, a counter began counting 

up. The count continued until the seed blocked the light 

from the d etec tor. After the light path was blocked, the 

counter started back down. When zero was reached, the out-

put disk was rotated to trap the seed. After half the cells 

werG filled, a seed was released from the mechanism whenever 

R new seGd was trapped. 

During initial development of the controlling func­

tions, it was recognized that the microcomputer could not 

monitor both trrwel speed and seed movement. Although seed 

movement was intermittent, the distance traveled needed to 

be determined continuously. For this reasofi an independent 

counting circuit was developed for monitoring travel speed 

(Figure lG). The major building block of the circuit was an 

Intel 8253 programmable counter. The count value and count­

ing mode were programmed by the microcomputer prior to use. 

The square wave pulses from the optical encoder were condi­

tioned with a 555 timer integrated circuit operating in a 

monostable mode. This signal conditioning was necessary due 

to the high sensitivity of the counter. Without the signal 

conditioning, A single encoder pulse would be counted as tvJO 

or three due to transient penks at the logic C1 to logic l 

tr~nsition point. 

After being programmed with the counting mode and count 

value via the eight data lines, the operation was completely 

independent of the microcomputer. In the chosen operating 
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mode, the counter counted down to zero and then set the 

output pin to logic 1. A high level on the output pin did 

two things: l) caused a signal to be sent to the rnicrocompu-

t8r' s interrupt system and 2) reset the counter following 

the next encoder pulse. Because of this dual purpose, a D 

type flip-flop memory was used to hold the interrupt signal 

hi<jil. When the counter was reset, the output pin returned 

to a logic 0 state. If this had occurred before the micro-
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computer program had recognized the interrupt signal, it 

would have bl:!en 1 ost. Tile flip-flop held the signal high 

until a signal from the microcomputer indicated that the 

interrupt had been recognized. 

With tha travel distance monitored by a separate cir­

cuit, the microcomputer was freed to control the seed move-

ments through the metering mechanism. This responsibility 

consisted of recognizing seed presence, controlling the 

stepping motors and periodically servicing the interrupt. A 

program was written in Intel's assembly language to perform 

these tasks in thA proper sequence. After being assembled, 

the program was stored in the EPROM which had been added to 

the microcomputer. Figure 17 shows the flow charts for the 

main program and interrupt service routine. 

The main program began by initializing the counting 

circuit and the computer's on-board input/output ports. The 

program u:;ed three of the six available ports, one for input 

and two for output. To begin operation of the mechanism, 

the interrupt system was enabled. A polling loop was then 

entered. Program control kept checking photoelectric detec-

tor one until a seed was indicated. Control then moved to 

the SEED routine (Figure 18). If an interrupt was encoun­

tered before a seed, control immediately jumped to the 

interrupt service routine. After resetting the flip-flop 

memory in the travel counting circuit, the routine deter­

mined if a seed had been previously detected. If a seed had 

been detected, program control jumped to the SEED routine 
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and if not, control transferred to the NOSEED routine. 

The SEED routine was entered from two locations in the 

program and worked differently in each case. If control 

came from the main program, the SEED routine's function was 
' 

to capture the moving seed in the input disk and wait for 

the interrupt. If the routine received control from the 

interrupt service routine, then a seed had previously been 

trapped. In this case the routine rotated the input disk so 

that a seed would transfer to the output disk. It then mon-

itored the second photoelectric detector, timed the seed 

movement and trapped the seed in the output disk. The 

NOSEED routine had a function similar to the second function 

of the SEED routine. Since no seed had been trapped, the 

input disk was rotated ten steps so that the next cell 

aligned. This allowed. a seed to transfer to the second 

disk. Program flow for the seed transfer functions was 

identi~al in the two routines. 

The first action taken by the SEED routine upon trans-

fer from the main program was to disable the interrupt sys-

tern. In this w;1y the interrupt was allowed to function only 

at the appropriate time. If the interrupt was allowed to 

occur while pulses were being sent to the motors, the disks 

would become irretrievably misaligned. The DPl time delay 

was then produced to allow the seed to move into the cell. 

After the time delay, five pulses were sent to the first 

stepping motor. At this point a flag was checked to see if 

this movement had blocked the gel flow. If it had, a seed 
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detected flag was set for the interrupt routine and the 

interrupt system was enabled again. Program control then 

went into a halt state, waiting for the interrupt to occur. 

If program control had come from the interrupt routine, 

then a jump was made to the section that timed the seed 

transfer from the first to the second disk. A polling rou-

tine was entered which checked photoelectric detector two 

for the seed's presence. With each pass through the polling 

loop, a register was incremented. When the seed passed the 

detector, another loop was entered to decrement the same 

register. When the register equaled zero, five pulses were 

output to the second motor in order to catch the seed. 

After sending the pulses, control was transferred back to 

the main program. 

The NOSEED routine was used only when the desired spac­

ing had been traveled and no seed had been detected entering 

the meter. 1~is situation resulted in a skip in the seed 

output, but because of the disk rotations the skip was 

delayed for thirty spaces. The NOSEED routine was very sim­

ilar to the SEED routine except that ten pulses were sent to 

motor one and the routine did not halt for an interrupt. 

Since the routine itself was prompted by the interrupt sig­

nal, both motors were rotated and control was transferred 

back to the main program as rapidly as possible. 

Control System Revision 

During testing of the metering system, it became appar-
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ent that the use of the microcomputer for both seed 

monitoring and motor pulse output was disadvantageous. The 

microcomputer was limited in its monitoring and outputing 

c <l rx1 c i t y • 1 t Go u 1 d d o on l y u n e o pe r a t i o n a t a t i me • W i t h 

the metering mechanism as designed, often two events needing 

attention occurred simultaneously. This was especially true 

with ttle input disk. Figure 19 shows a timing diagram for 

tlH~ prog rnm. Thu encoder pulses indicated the travel ratu, 

;md frequency vt:~ried in direct proportion to the travel 

speed. The interrupt signal moved to logic 1 when the 

counter reached zero. The typical metering cycle began with 

n pulse from the first photoelectric cell. After receiving 

the pulse, the computer timed a delay, DPl, and sent five 

pulses to rotate the input disk. The program then halted 

for the interrupt. This waiting period was variable depend­

ing on when the seed was originally encountered, the desir~d 

seccl spacing and travel speed. After the interrupt, the 

computer took 15 msec to rotate the first disk, waited a 

minimum of 50 msec for the seed transfer and took another 15 

msec to rotate the output disk. After the input disk was 

rotated, two events were occurring. The trapped seed was 

b0ing transferred from the input to the output disk, and 

seed from the seed/gel tank were entering the opposite side 

of the disk. Both events required monitoring by the com­

putor, but only the seed transfer could be observed. This 

left a minimum of ~5 mscc that the seed could escape 

t h r o ug h the d i s k w i tho u t d e t e c t ion • This minimum time 
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period was determined by the maximum speed at which the seed 

could move and still be trapped in the cells. In actual 

practice the time period was much longer. Another diffi­

culty encountered was that the time delays and motor pulse 

outputs are fixed values. Regardless of the travel speed or 

desired spacings, these events require the same amount of 

ti.rnc. As the interrupt frequency increased, due to 

in~rensad travel speed or riecreased spacing, the time avail­

Able for waiting on and servicing the interrupt decreased. 

During testi.ng it was determined that the maximum seeding 

rAte with the original program ~as 1.5 seed/sec. This was 

the maximum speed at which the interrupts co~ld be recog­

nized and serviced. 

The use of the microcomputer for measuring time delays 

WclS extremely inefficient. The microcomputer could operate 

v~ry rapidly (the MCS-85 had a clock cycle of 320 nanose­

concls) and accuratf:!ly in a decision 'making role. The el imi­

nntion of the time delays from the microcomputer's responsi­

bility allowed it to operate more efficiently and devote a 

much larger portion of time to the primary responsibility of 

monitoring seed movement. This change was accomplished by 

the use of independent circuits. With independent circuits 

to produce the time delays, the microcomputer had only to 

output~ hrief pulse ~nd return to monitoring. After an 

initial triggering pulse, the circuits were designed to 

rot.1tc the motors r1nd time the seed without furtlHH input 

from the microcomputer. 
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Figure 20 shows the wiring schematic and timing diagram 

for the circuits designed to drive the stepping motors five 

stc~ps. Tile circuits consisted of one timer from a 556N dual 

timer integrated circuit, the two previously unused counters 

on the 3253 programmable counter and two "OR" gates. The 

timer was used to create a square wave clock signal with a 

period of approximately 3 msec. This clock signal was com-

mon to both counters and was also used as the source for the 

motor pulses. The counters, one for each motor, were pro­

gr~mmed in a retriggerAble one shot mode. The counter out­

puts and the clock signal were combined in an "OR" operation 

t:0 produce ttH~ motor pulses. 'rtH~ timing diagram illustrates 

tho circuit operntion. Each counter sampled the gate pin on 

rising clock ~dgcs. After the counter recognized a change 

in the gate pin from low to high, the output pin was set low 

and the coutlt was decremented on falling clock edges. When 

th~ output pin was set low, the "OR" output was allowed to 

follow the clock pulses. The Boolean Algebra "OR" operation 

sets the output high if either or both of the inputs is 

high. In this manner the output pin of the counter acted as 

a switch. When five falling clock edges had been counted, 

Uw signal to the motor was set high. This matched the 

mnt0r controller's requirements of negative logic input. 

An actdition~l circuit was designed to monitor the 

trnnsf(H of seed from the input to the output disk. The m;e 

of this circuit i'lllowed the movement of seed on both sides 

of the input disk t.o be monitored simultaneously. The 
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duties of the transfer circuit were to start counting up 

aft(~r being triggered by the pulse tjenerating circuit for 

motor one, stop counting when the St.!ed blocked the light 

beam of the photoelectric detector, start counting down 

ilfter tht~ seed passt-.:!d out of the light benm and triggc!r the 

rotation of the output disk after reaching zero. Figure 21 

shows the configuration used to achieve these responsibili­

ties. The integrated circuits used included a dual J-K 

flip-flop memory (74LS76N), 

(7t1LS1119N and 14-IJil/.9), one 

two four bit up/down counters 

hnlf of a dual timer (55!.)N), 

three inverters and an "OR" gate. The up/down counters were 

cnscaded to provide an eight bit counter. 

'rhe circuit h::1d three inputs and one output. The 

inputs includod ml enable signal from the microcomputer, a 

tri~gering signnl from the motor one driving circuit and the 

second photoc~lectric detector. The enable signal was neces­

sary because the input disk rotated five steps twice between 

Cilcll operation of tho transEer circuit. The first rotation 

trilpped n seed and since a transfer was not occurring, the 

circuit was disabled. On the second rotation a seed would 

transfer and the circuit was enabled before the motor one 

drive circuit was triggered. The single output was used to 

t-rigqer the rotntion of the output disk. 

'I'h<.:! e:<t.P.rn<'ll r<~!;lstcwce nnrl cApacitAnce Vfllueu ftJr tho; 

tinwr wr~r0 ildjusted to give a clock frequency of approxi­

mately 5 kHz,. !\s previously mentioned the circuit hr.~d two 

inputs • . .,rhich w~re required to begin counting, the enable 
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signal from the microcomputer and the trigger from the motor 

one circuit. These two signals were combined in an "OR" 

operDtion to create a single trigger which could enable 

counting. The falling edge of this trigger initiated count­

ing. ~t this point, the count was started at the value cur-

rr>ntly on thr:~ r:ountor input pinn. •ro insurP. that-. th<~ count-. 

i"'lw;1ys began at Zi:'lro, fill eight input pins wr~re grounded. 

The two flip-flop memories were used to hold the 

counter inputs at the proper values. In this manner, the 

width of the circuit triggering pulse was unimportant. One 

of the flip-flops wns used to control the output signal to 

the motor circuit and the other controlled the counting 

direction input. Each memory had one input in addition to 

Uw initial trigger. The count direction memory was con­

nected to the photoelectric detector. When it detected a 

s<~ed, the count direction was changed. The output signal 

flip-flop was tied to the output of the J4-4029 counter. 

This counter wRs responsible for the end of count signal. 

WhBn the count returned to zero, the output signal to the 

motor circuit was returned high. 

The Rctual timing of the various signals occurred in 

tiF! following sequence {Figure 22). A counting trigger was 

generated by 

oulput pin 

combining the circuit 

in an "OR" gc:Jtc. On 

enable and counter one 

the falling edge of the 

pulse, the count \Ja:.; lo.1dcd and the count direction was set 

us up. On tl'w risirHJ edge, counting was enabled and the 

cuunt was incremented on each clock pulse. Counting contin-
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uerl until the rising edge of the signal from the second 

photoelectric detector. This changed the counting direc­

tion. The count then decremented to zero. Upon reachinr:J 

zr-~ro the end of count signnl went low, causing the motor 

circuit trigger to go high. This high signal caused the 

output disk to be rotated. 

Figure 23 illustrates the controlling program flow as 

revised to include the independent cir~uits. Appendix B 

lists both the revised and original controlling programs. 

The program was very similar to the original program up to 

the point where the DPl time delay was activated. Instead 

of jumping to a routine which outputs a series of pulses, 

th~ program sends n single signal to the motor controlling 

cirr.uit. Th~-~ program paused to insure that the circuit 

recnived the signal, set the proper flags and moved into a 

hnl ted condition to <1W<lit the. interrupt. The width of the 

pulse Vhri~d up to a maximum of 3 msec depending on the 

sl>ite of the circuit's clock at thf:.! beginning of the·pulse. 

After receivitFJ the interrupt signal, the circuit for 

motor one was started again. Since the flags indicated <' 

seed was trapped, an enabling signal was sent to the trans­

fer circuit. After enabling the circuit, control was trans­

ferred back to the polling loop before the stepping motors 

could finish rotation. In this way the microcomputer was 

alw~ys rendy to monitor seed movement. 

The interrupt service routine was modified to eliminate 

the NOSEED routine. IE a seed had not been trapped between 
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consecutive interrupt signals, 

to the polling loop. This 

then control transfers back 

meant that no disk rotation 

occurred and the resulting skip was immediately output. 

The timing diagram for the revised program is shown in 

FirpJre 7.1\. Tn thQ revised configuration the microcomputer 

itself had only two inputs, the optical encoder and the 

first photoelectric detector. It still had two outputs but 

the time requirements for these were significantly dimin­

ished. The encoder and interrupt system operated as previ­

ously described. In response to photoelectric cell 1, the 

computer counted down the DPl time delay and sent a three 

ms~c maximum width pulse to the first motor circuit. Upon 

S(!rvic::ing the trnvel interrupt, the computer enabled the 

circuit controlling seed transfer and output disk rotation 

by setting that signal high. Another pulse was then sent to 

thf;! circuit for motor 1. With the enable signal high, the 

completion of motor 1 rotation started the seed transfer 

circuitry. Upon completion of the seed transfer, the second 

motor rotnted to trap the seed in the output disk. This 

ennble signal remained high until the next seed was detected 

by photoelectric cell 1. 
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CHAPTER V 

PRESENTATION AND DISCUSSION OF RESULTS 

Gc 1 Measurements 

F.ilrly in t.ht: development of ttH~ concepts of a met.edng 

i!cv ice for pr eg erm ina ted seed, it was determined that a 

mt:nns nf transporting and protecting the fragile seed was 

n(-)CeSSn ry. Past experimental work had shown that high vis-

co~dty ']els worked s~tisf;wtorily in this respect. HoW''!Vor, 

little wrnk h.:-~cl been published on the rheology of these 

gels. For this reason a study was undertaken to determine 

th~ rheological properties for two gels: Viterra II Soil 

Am ~~ndm en t Gel, manufactured by the Neprr:t Chemical Co. nnd 

CLD, m rill u fa c: t u red by the Bur:: key(~ Cellulose Corp. 

Vi terra II and CLD were chosen from a group of gels 

identified <1S having a po s s i b il i t y for use as a seed car-

ric:r. 'I'hese two gels were identified CIS best meeting a list 

of desirable qu~lity for use in a seed metering device. The 

g0ls were testeil with three different viscometers. Initial 

tests were conducted on Viterra II with a Fann viscometer. 

7\f.tn.r obtaining n Brookfield visc:ometcr, tests were con-

( ltt (: 1: (' d on b () t h ') C! l ~; • Tn nddition, ~ capillary viscometer 

w;1:; construr;tcd <md <>.l~>o used for takinrJ viscometric data. 
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Viscosity Relationships 

DatA from tests with All three viscometers is listed in 

Appendix c. The t e s t r e s u 1 t s i n d i c a t e t h a t she a r s t r e s s 

versus shear rate ~nd app~rent viscosity versus shear rate 

relntionships were best modeled by the power law equations 

(Equation '3 and 9). In all cases, the exponent was less 

th.'Hl one indicating thAt the gels were of a pseudoplastic 

nature. 

k (n-1) 
j.J = y 

( 3 ) 

( 9) 

Data taken with each viscometer was modeled with a 

regression routine to calculate the coefficients and expo-

n0nts of best fit. This was done indepedently for each vis-

cometer nnd then for the combined data. Tables III and IV 

shovt the calculflted V(!lues for each viscometer and the com-

hinerl d~tn nlong with jn estimate of the fit of the equa-

tions. 

For Viterra II the regression equations yielded similar 

r(:~.;ults. The discrepancies which did occur could be attrib-

uLc'd to tlirc! Vclrit.ltions in thu range of shoar rates at which 

Ll~<.! viscomet•.!r op<~rr.;teJ. 'rhe Brookfield viscometer was lim-

ited to a range of 0.5 to 22 sec-1 when used with a ~00 ml 

bt:aker. The capillary viscometer ranged from 3(' to 235 

sec-l and the Fann device from 5 to 1025 sec-1. When 



TABLE III 

COEFFICIENTS AND EXPONENTS OF THE POWER 
LAW EQUATION FOR VITERRA II 

Brookfield Capillary Fann Combined 
. 1------------------------------------------------------------------------Conc. 

(%1 I k I n I R2 I k · I n I R2 I k I n I R2 I k I n I R2 

---------------------------------------------------------------------------------
I I I I I I I I I I I 

0.5 3.071 .5231 .9751 4.861 .5091 .9991 l. 571 .5421 .9441 2.991 .4971 .840 

* I I I I I I I I I I I 
0.7 4.471 .5391 .9871 8.111 .4821 .9781 4.171 .4851 .9751 4.681 .5201 .947 

I I I I I I I ! I I I 
1.0 7.111 .521! .981110.09! .4771 .9871 3.921 .5511 .9731 6.791 .5081 .932 

I I I I I I I I I I I 

* for capillary data, concentration was 0.75 

00 
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TABLE IV 

COEFFICIENTS AND EXPONENTS OF THE POWER 
LAW EQUATION FOR CLD 

Brookfield Capillary Combined 
1------------------------------------------------------I 

l 
R2 

I 
R2 

I 
R2 I k n I k .n I k n 

---------------------------------------------------------------
I I I I I I I I 

1.8 0.911 .5891 .8791 0.611 .8751 .9901 0.621 .8271 .946 
I I I I I I I I 

2.0 3.301 .5361 .9601 2.351 .7011 .9151 3. 06 I .6311 .983 
I I I I I I I I I 

2.2 5. 52 I .6021 • 958 I 4.131 • 638 I .9941 5. 53 I .5771 .995 
I I I I I I I I 

---------------------------------------------------------------

...0 
0 
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combined, the data gives an estimate of the viscosity over a 

wide ran<Jc of shear rates. 

·rhe CLD gel did not have the agreement between the two 

viscometcrs that was shown ~ith the Viterra II. l\1 though 

th..:: different ranges of shear rate may have accounted for 

p~rt of the vDriation, the method of ~pplying shear may also 

!J:1ve ac..:ounted for a large portion of the cliffer<mce. The 

exponent showed the greatest difference between the two 

mo~suring methods. The shear stress increased more slowly 

for increasing shear rate when measured with the Brookfield 

v iscom0.ter. Tt was observed while taking measurements, that 

the rotating bob of the Brookfield machine often seemed to 

in a thin film of water rather than the gel. 

Thi~; ph•~nom,~non mny hf'lve been dur~ to the mol(~culnr structure 

0f the qcl. CLD consisted of large cellulose molecules 

which WJulcl nttrClct a certnin number of water molecules. If 

more.> waLr~r was present than could be bound to the cellulost: 

molc!CUl<:s, free wnter resulted. This free water in the gel 

moy llave behaved differently under different shearing situa­

tions, resulting in the exponent variation observed. 

Figures 25 and 26 illustrate the shape of the combined 

app<~rent viscosity versus shear rnte curves for Viterra II 

and CLD, respectively. In both cases the curves were shear 

t:hinning or pr;ewloplnsti.c in nature. This type of rheolo~y 

v1:1:; pnrr1r:ul;1rly u:;~.•ful in 11 St'HHJ cnrrier i1pplicfll:ion. Wlv~n 

1mdr~r low sh~~nr, .1r; w~>uld be experienced in a tank, the vis­

cosity remained high and the seed could be held in suspen-
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sion. When the gel experienced higher shear rates, during 

purnpinrJ or gel movement, the apparent viscosity dropped sig­

nificantly. 'l'his allowed pumping to take place with a 

smaller power requirement. 

Determination of Thixotropic· 

Chnracteristics 

Non-Newtoninn gels often exhibit thixotropic (time 

dr~pen<ient) qualities in addition to shear rate dependent 

ch~racteristics. Tests were conducted to determine the 

thixotropic properties of Viterra II. The Brookfield vis-

cometer was used to determine the change in shear stress 

oVt!r time at <1 constant shc:ar rate. The tests were not con­

ducted in an ide<:l mtmner due~ to the nt1ed to stop thr= vis­

cuJn•~t~~r Lo Lrlke rt:adings. Thixotropic tests would idec1lly 

be: conducted continuously, with no disruption in the shear 

rnte over a lon(J period of time. However, Viterra II 

rcq.:1inecl its original viscosity very slowly, so short pnuses 

to reAd the viscometer caused small error in the resulting 

dclti'l. 

Thixotropic beh.:wior cHn gener<tlly be modeled as a lin-

<'•lr func~Uon of. U11~ loge1rithm of time versus apparent vis-

r:()sity (Green, lfJI19) ns shown in equation 10. 'I'h e d <• t."l Wl s 

fit t0 this ffi')d(~l with th'~ St\S regression procedurn. 

~ = ~ 0 - bt log(time) ( HJ) 
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~ -0 
apparent viscosity at time = 0 

b -t 
thixotropic const~nt 

Tnblc v lists the calculnted values for ~O and bt at 

e~ch concentrntion and shear rate. The pseudoplastic nature 

of the gel was shown by the initiol apparent viscosities at 

~~ch concentration. As the shear rate (RPM) inc rea sed the 

initial viscosity decreased. Also as the initial viscosity 

decrea~~ed, tile rale of chanrJe with time also decreased. 

F'ig ur cs 27, 28 and 29 show the thixotropic curves for each 

of the three concentrations. Although it was important to 

b8 nw<Jre of the thixotropic nature of the Viterra II gel, 

t h i s pro pe r t y o f the g e l vJa s o f 1 e s s i m po r tan c e than the 

p~;.:!udoplastic quAlities. The gel normally passed through 

the se<:d meter rapidly, nllowin<) little time-~ for a change in 

viscosity. 

One of the most important properties of a gel in con-

siclcration for use with a seed meter is its ability to hold 

tilr~ 'Jerminatcd Sel~d in suspension. In an effort to deter-

mine th-2 ptnticll! suspension qualities of CLD and Viterra 

rr, rJel/soml mixturc~i..; were pLc1ced on a vibration table <md 

vil.nat~~d for one hour. Four concentrotions of each gel Here 

t_,:~,;ted for seed suspt~nsion nbil ity. CLD concentrutions were 

vibrated at two different frequencies, 15 Hz and 50 Hz. 

Viterra II was vibr~ted only at the 15Hz frequency. Each 

g(~1 concentration wns sampled before and after vibration to 



determine the amount of seed movement. Samples were taken 

from three levels of each concentration and the number of 

seed at each level was determined. This data is listed in 

Appendix D. For analysis purposes the number of seed in tht'? 

upper portion Wi:lS subtracted from the number of seed in the 

1 ower portion • This difference was examined to determine 

the migration of the seed during vibration. A small differ-

encc would indicate little movement due to vibration. 

T.i\BLE V 

VITERRA II THIX0TROPIC EQUATION 
COEFFIC I EN'rS 

CONC I RPM I . ~0 I b I R2 ____________________________ t __________ _ 

o.6 I 10 I 3.530 I 0.654 I 0.988 
0.6 I 20 I 2.114 I ~.284 I 0.898 
0.6 I 50 I 1.264 I 0.128 I 0.938 

I I I I 
o • 8 I Ul I 4 • 9 1 3 I 0 • 9 2 1 I 0 • 8 8 s 
o.R I ~o I 1.JGG I 0.613 I 0.920 
0.8 I 50 I 2.A59 I 0.343 I 0.995 

I I I I 
1.0 I 10 I 5.857 I 1.033 I 0.970 
1.0 I 20 I 3.276 I 0.384 I 0.876 

An ~nalysis of vnriAnce (AOV) was conductect on the 

l(~vel diffcrf~nr.:e for both gels. The AOV for CLD \17as done in 

;1 ~;pl. it plot dt~[;i')n wi t.h tho c:oncentrntion .:1s the sub·-plot 

factor. The AOV for Viterra II did not involve a frequency 
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P.ffect, so it was Analyzect as a completely randomized 

cl es ig n. Tabl0.s VI and V!I contain the analysis of variance 

for the difference between the upper and lower portions for 

CLD and Viterra II respectively. The analyses shown are for 

the dnta taken after vibrating for one hour. Similar ana-

lyses were run on data taken before the vibration and as 

would be expected, no differences were shown between the 

level:.:; of the vnriub1es. 

'J'i'\H LE: VI 

7\N/\LYS IS OF V.~RIANC E OF SEED SUS PENS ION 
Dl\TA FOR CLD 

DEGREES OF SUM OF LEVEL OF 
S()IJHCP. FREEDO~ SQUARES F RATIO SIGNIFICANCE* 

Cor. r (~C ted To tn1 ll G282.l6 

nc~pl icntion l l07.(i4 
F r c~ q u r~ n c y 1 489.45 l. 30 (1.459 
Error !\ 1 375.73 

C 'l n c (~ n t r a t i o n 3 ]()46.91 14.49 0.005 
Ftc~4.XConc. :3 263.()7 1. 05 (J.439 
Error B (i 503.40 
!"3ampling Error 111 895.56 
------------------------------------------------------------
*Probability of error in rejecting a hull hypothesis of no 
s i 'J n i f i c n n c e o f the so u r c e o f v a r i at ion • 
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TABLE VII 

ANALYSIS OF VARIANCE OF SEED SUSPENSION 
DATA FOR VITERRA II 

SOURCE 

rr) r r f~C ted to t.r1l 

Replicoti.on 
r.oncentrntion 

DEGREES OF 
FREEDOM 

15 

1 
l 

Error (Rep.xConc.) l 
S;'nnpl ing Error 3 

SUM OF 
SQUARES 

170(). en 

163.~0 
1034.70 

251).35 
251.83 

LEVEL OF 
F RATIO SIGNIFICANCE* 

l. 91 CL 322 
4.04 0.141 

*Probability of error in rejecting a null hypothesis of no 
significnnce of the source of variation. 

As indicated by the F ratio, the gels did not behave 

similarly with respect to comcentration. As the gel comcen-

tration increased, the amount of seed movement significantly 

decreased for CLD. The mean differences between the number 

of seed in the upper and lower portions were 32~9, 19.1, 

ll.~ ~nd 4.~ for CLD concentrAtions 1.65, 1.8, 1.95, and 2.1 

percent, respectively. The 1 e a s t s i g n i f i c an t d i f f e r en c e a t 

t.hr~ five percent l0.vel for these means was 11.2. As pr ev i-

ously mentioned, CLD consisted of large molecules which 

bound wnter molecules to themselves. In visual observation 

of the gt~l after vibration, it was noticed th.=tt the cellu-

lose S(~ttled along with the seed. Each gel container had a 

lnyer of frt:!e water at th(~ top after the vibration. The 

twiC)ht of this layor depended on the gel concentration, 

r,liVJing from approximately one quarter of the container 
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depth for the 1.65 percent gel to no visible water for the 

?.l percent mixture. This settling of the gel molecules 

during vibrntion w"s n distinct disadvantage of CLD. The 

vibration of the CLD mixture at frequencies of 15 and 50 Hz 

did not have any significant effect on the settling of the 

seed. Most of the settling was observed to have occurred in 

the first ten minutes of vibration. 

The effect of increasing gel concentration was not sig­

nificant for Viterra II. The mean differences between the 

upper and lower portions were 47.0, 44.5, 36,1 and 26.4 for 

gel mixtures of 0.8, 0.9, 1.0 and 1.1 percent, respectively. 

Th~ least significant difference between the means at the 

five percent level w"s 2CJ.R. Although the Viterra II gel 

did a poor job of holding seed in suspension, the gel itself 

did not break down like the CLD. 

On the basis of these rheological tests, Viterra II was 

chosen for use in the rest of the study. Although CLD had 

several advantRges over Viterra II, such as greater optical 

cl~rity, easier mixing and cleanup, lower viscosity and bet­

t(H seed suspt:!nsion qualities, the disadvantage of the free 

vJatt~r sepurrttion outw(~ighed the advantages. In some prelim­

irhlry tests with CLD under pressure, the free water was 

nctunlly squeezed from the gel when it passed through con-

stricted areas. This caused a blockage of the flow, which 

got worsens more water separated from the gel. 
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Unmetered Seed Spacing Distribution 

Pregerminated seed have been planted with extrusion 

type devices. The most common method has been the use of a 

peristalic pump to move a seed/gel mixture from a large 

holding tank to the furrow in a continuous flow. Several 

plAnters of this type have been designed and patented (Fied­

lr.r and summt!rs 1 1972; Phillips nnd Scott, 19(.)7) 1 however 1 

little or no information has been published on the type of 

sp~~ing distribution achieved by these planters. Richardson 

,ltHl o•nogherty (197?.) completed a theoretical analysis of 

the spacing distribution that could be expectd from an 

extrusion type planter but they did not publish any empiri­

cAl data to substantiate their analysis. Tests were under­

t<l~en in this study to determine the spacing distribution 

which could be expected from an unmetered extrusion of a 

seed/gel mixture from a tank containing a uniform mixture of 

S•~ed and gel. 

The spacing distribution of cucumber seed was measured 

nt several different travel speeds and gel/seed ratios. The 

qcl/sncd ratios were expressed in terms of ml per seed for 

the entire mixture. Gel flow rates were calculated for the 

different travel speeds and the proper number of seed was 

mixed in the gel to give the desired gel/seed ratio. Appen­

dix E lists the spacing distributions for each test. 

Richardson and O'Dogherty calculated that the cumula­

tive distribution would have a decaying exponential shape as 

predicted by the following equation. 
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-A.x ( 11) 

Nx number of spacings greater than or equal to x 

N0 - total number of spt'lces 

A. spacing density constant 

x measured spacing 

Ta ev al ua te the ace ur acy with which this equation could pre­

dict the measured spacing distribution, the data was modeled 

with a two parameter nonlinear regression. The two cal cu-

latcd parameters corresponded to N0 and A.. Table VIII lists 

th•! calculated parameters for each recorded test as well as 

fln c~>timnte of the goodrH:!SS of .fit of the resulting equa-

tion. 'l'he goodness of fit statistic was calculated as the 

percentage of the total raw sum of squares accounted for by 

thr:~ regression equ<ltion. This table illustrates the change 

in A. as the gel/seed ratio was increased. A. was a measure 

0f rat(~ of clecny of the cumuli1tive distribution. As would 

be ex pee ted, as the gel/seed ratio increased the rate of 

decay decreased. In all cases the calculated equations fit 

tha data very well. Figure 30 shows a representative cumu­

lative distribution with measured values shown along the 

c~lculated curve. 

Table IX shows the effect of travel speed on the calcu-

l~ted parameters. hll tests were run at a gel/seed ratio of 

1 ml/3eed. A single gel/sued mixture w~s mixed and all four 

tt-:~:;ts were run from that mixture. The only change between 
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TABLE VIII 

CALCULA~ED PARAMETERS FOR CUMULATIVE 
SPACING DISTRIBUTIONS 

GEL/SEED INUMAER 0~1 !REGRESSION 
RATIO I SPACES !ESTIMATED! I PERCENT 

~~=~:==~~-~---~Q----~---~Q----~----~----~--~:-~~---
1 I 358 I 339.6 I 0.0463 I 0.997 
1 I 1!1\8 I 438.4 I 0.0341 I 0.999 
2 I 3{l8 I 3~3.2 I 0.0207 I 0.999 
2 I 3n3 I 373.0 I 0.0226 I 0.999 
.1 I 304 I 303.7 I 0.0129 I ~,.999 
4 I 342 I 3t11.2 I 0.0113 I 0.999 
s I 260 I 256.9 I 0.0(,88 I 0.999 

TABLE IX 

CALCULATED PARAMETERS FOR THE CUMULATIVE 
DISTRIBUTION AS AFFECTED BY 

TRAVEL SPEED 

TRAVEL !NUMBER OFI I !REGRESSION 
SPEED I SPACES !ESTIMATED! I PERCENT 

-~~~~~~~--~---~2----~---~Q----~----~----~--~~-~~---
l 
1 
t) 

7 

214 
2 51\ 
304 
241 

217.1 
259.7 
3C13. 7 
246.9 

0.CH8" I 
0.0134 I 
0.0129 I 
0.0121 I 

(1. 999 
(1. 99 9 
0.999 
0.998 

H.l6 

tests was the belt travel speed and a corresponding increase 

in the tank pressure. With increasing travel speed, the 

rate decay decreased slightly. The causes of change are 

uncertain but could be attributed to an inability to hold 
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thr1 gel outlet velocity equal to the travel speed or an 

(~f:[\~Ct of velocity on seed movement through the seed funnel. 

The spacing data fits the c umul a ti v e d istr ibut ion as 

predicted by Richardson and O'Dogherty. The authors did 

not, however, attempt to predict the mean spacing based on 

tlHdr analysis. The following is a derivation of a pre-

dictor of the mean. 

BasP.d on the equation for the cummulntive frequency 

distribution, the frequency, f, of any interval width of /J.x 

is~ 

f N - N (12) = X x+!J.x x+!J.x 
2 /J.x 

If the limit of f is taken as X goes to 0, then f equals 

th(~ neg il t i v e derivative of N . 

lim f lim N - Nx+!J.x = X 
/J.x-+0 x+!J.x /J.x-+0 2 /J.x 

f d 
N = dx X X 

(13) 

Thi~ ffi(~on spacing C<'ln be calculated with: 
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x = 1/>- ( 14) 

Thus the mean spacing can be predicted by the reciprocal of 

A· Table X shows the actual and predicted means for each of 

me~sured distribtuions. Although the actual and predicted 

means do not precisely agree, the actual mean is generally 

within 10 percent of thP. predicted value. 

TABLE X 

ACTUAL AND PREDICTED MEANS FOR UNMETERED 
SEED DISTRIBUTIONS 

TRAVEL 
SPEED 

( km/hr) 

5 
r:; 
5 
5 
5 
c; 
5 
l 
3 
7 

GEL/SEED 
RATIO 

(ml/ seed) 

1 
1 
2 
2 
3 
4 
5 
3 
3 
3 

AC'fUAL 
MEAN 
(rom) 

23.0 
33.2 
51.6 
48.6 
79.9 
91.5 

112.4 
f11.9 
76.0 
86.5 

PREDICTED 
MEAN 
(mm) 

21.6 
29.3 
48.3 
44.3 
77.5 
88.5 

113.6 
55.6 
7t1.6 
81.3 

In addition to predicting the spacing distribution from 

i1 un i fo rm 1 y rnixed gel/seed mixture, Richardson and 

O'Dogherty also state "the seed spacing distribution is gen-

(~r<llly unsuitnblo for pr(~cision StJeding of row crops". The 
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use of pregerminated seed makes precision spacing even more 

dcsirnble bec~use a very high emergence percentage can be 

i'lchievecl. This poses the possiblity of planting a crop 

directly to stand if precision spacing can be achieved. 

Unrnetered sowing is inadequate for this purpose and points 

out the need for an accurate metering device capable of 

planting germinated seed. 

Metered Seed Spacing Distribution 

A precision metering device was developed as previously 

d0scribed nnd tested with four different vegetable crops. 

The effects of metering rate and gel/seed ratio on the spac­

ing distribution were determined for cabbage seed. After 

determining optimum operating conditions, the metering sys­

t~m was tested with three other vegetable seed, lettuce, 

tomnto and cucumber, to determine its ability to handle dif­

f~rent seed sizes and sh~pes. Cabbage was chosen for the 

initial testing of the seed meter because of its shape, size 

and uniformity of germination. The cabbage seed was round 

with a diameter of approximately 3.5 mm and would uniformly 

germinate in 24 hours. This uniform germination supplied 

sc~ed with equal radicle lengths, and eliminuted the need to 

sort the seed prior: to testing. Because the germination 

percentages were high for all the vegetables involved, sort­

ing after germinntion was not utilized. Prior to germina­

t.ion, all four species had been dry sorted in an air column 

to remove the light, less vigorous seed. 
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Two major variables affected the operation of the 

metering system, the gel/seed ratio and the metering rate. 

'l'ha gel/seed ratio was expressed in units of ml per seed and 

controlled the frequency with which the seed came availabie 

for metering. The metering rate w~s determined by the spac­

inq value loaded into the microcomputer program and the 

tr~vel speed. With a constant spacing value, the metering 

rate incrensed in direct proportion to the travel speed. 

For tP.sting of the metering system, gel/seed ratios of 4, 3, 

2 and 1 ml/seed were used.. At each gel/seed ratio four 

metr:.~ring rates, fl.5, 1.0, 2.0 and 3.0 seed/sec, were inves-

In addition, rat~s of 4.0 and 5.0 were tested at 

th':.! 2.U ml/seecl rntio. 

The spacing dfstributions were measured for each test 

and evaluated for spacing uniformity and metering' error. 

r•h! le ring cr ro r consisted of the perc en tag e of skips and dou­

bles for a given distribution. All spacings less than 50 

percent of the desired spacing were considered to be dou- . 

bles. Spacings greater than 150 percent of the desired 

sp~cing were considered as single skips, spacings greater 

th,~n ?.5'1 percent of desi rHd were considered two consecutive 

skips, spncings greater than 350 percent were considered 

thr<~e consecutive skips, etc. For the calculation of per-

C<~n1;1ges, a theoretical number of spacings was determined. 

Trw theoretical number of spaces was calculated by adding 

the~ actual number of spacings to the number of skips and 

subtracting the number of doubles. This method apprdximated 
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the number of spaces that would h<we been measured if the 

seed mE'!ter had worked perfectly. 

Table XI lists the percentage skips, doubles and total 

error for each of metering tests. The data shows that both 

gel/seed ratio and metering rate caused changes in the 

met•:}rinrJ error. A high gel/seed ratio meant that seed were 

less available for filling of cells on the input disk. This 

caused few doubles and a higher number of skips. As the 

gel/seed ratio was decreased, the number of doubles 

increased and the number of skips dcreased slightly. The 

number of skips did not Ghangc as much as the number of dou­

bles because of errors in transferring seed from the input 

to output disk. Doubles generally resulted from two seed 

being adjacent as they moved into the input cells. Skips 

resulterl from A seed not being available at the input disk 

and from failure to transfer correctly from the input to the 

output disk. As the gel/seed ratio was decreased, the por­

tion of skips due to seed location decreased while those 

errors due to se~~d transf(H remained approximately thl';;! same. 

The metering rate also caused a major effect at all 

g(~l/secd r<~tios. As would be expected the number of errors 

increased as the metering rute increased. A particularly 

critical point seemed to be a metering rate of 2.0 seed/sec. 

Figure 11 illustrates the total error as a function of 

metering rate. At all four gel/seed ratios, the percentage 

of total metering errors sharply increased at 2.0 seed/sec. 

Tomato was evalunted at only two metering rates in order to 



TABLE XI 

SEED METERING ERROR FOR ALL METER TESTS 

-----------------------------------------------------------------------------------
Gel/Seed Metering I Actual !Theoretical! Total 

Ratio Rate I Number I Number I Percent Percent Percent 

(ml/seed) (seed/sec) I of Spaces I of Spaces I Skips Doubles Error 

------------------------------------------------------------------------------------
4.0 I 0.5 I 144 157 10.2 1.9 12.1 

4.0 I l.O I 370 382 8.1 5.0 13.1 

4.0 I 2.0 I 316 343 12.8 5.0 17.8 

4.0 I 3.0 I 311 343 21.3 12.0 33.3 

I I 
3.0 I 0.5 I 162 186 15.1 2.2 17.3 

3.0 I l.O I 346 373 14.7 7.5 22.2 

3.0 I 2.0 I 323 356 15.4 6.2 21.6 

3.0 I 3. 0 . I 331 432 36.6 13.2 49.8 

I I 
2.0 I 0.5 I 181 178 6.7 8.4 15.1 

2.0 I l.O I 364 354 4.5 7.3 11.8 

2.0 I 2.0 I 383 386 5.7 4.9 10.6 

2.0 I 3.0 I 469 489 12.7 8.6 21.3 

2.0 I 4.0 I 501 556 18.5 8.6 27.1 

2.0 I 5.0 I 522 635 29.8 12.0 41.8 

I I 
l.O I 0.5 I 196 180 5.0 13.9 18.9 

l.O I l.O I 355 363 12.9 10.7 23.6 

l.O I 2.0 I 388 380 7.9 9.2 16.3 

l.O I 3.0 I 488 484 12.8 13.6 26.4 

I I 
2.0* I 0.5 I 126 156 26.9 7.7 34.6 

2.0* I 3.0 I 154 375 64.5 5.6 70.1 

I I 
2.0** I 0.5 I 106 170 47.6 10.0 57.6 I-' 

----------------------------------------------------------------------------------- I-' 
N 

*Tomato **Lettuce 
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get a best and worse case distribution. In both cases the 

totill error was very hi(Jh. The same procedure was planned 

for lettuce but the slow metering rate had so many errors 

that the higher speed was dropped. 

For the purposes of measuring the spacing uniformity, 

the Hkips and doubles were considered to be machine error 

and were eliminated in order to evaluate the variation in 

spacing when the metering system was operating properly. 

The mean and variance of the remaining distribution were 

c0lculated as descriptions of that distribtuion. Table XII 

sh0ws the me~n spilcing and variance for each of the tests. 

Th0 desired spRcing was 120 mm in all cases. For most tests 

t.h') mec:~sured mean of the distribution from 1)0 to 180 mm was 

within Hl mm of tht':! dnsired spacing. This amount of Vclria­

tlon from the desired spacing would be considered acceptable 

for most crops. The difference can be attributed to spacing 

measurement, which was taken to the nearest 5 mm, and to 

error in regulating the belt travel speed on the test stand. 

Neither gel/seed ratio or metering rate had enough effect on 

the mean spacing to be considered significant. 

The metering rate had a very dramatic effect on the 

variance of the spacing distributions. As the metering rate 

in~rensed, th~ variRnce increased. Figures 32, 33, 31 and 

·\r; illustrnt.f~ the chr~ngn i.n the distribution with varying 

metering r~tes. In general, the distributions are similar 

for ,, g ivcn metEH ing rate regnrdless of gel/seed ratio. 

FirJurr~ Vi shows the effP-ct. of gel/seed ratios at the 0.5 
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sc~d/sec metering r~te. All ratios were similar except the 

1 ml/seed ratio. This was due to the use of seed with 

longer than normal radicles in those tests. 

TABLE XII 

SPACING DI STR I B U'riON UNIFORMITY 
PARAME'rERS 

-------------------------------------------
GEL/SEED I METERING I MEAN I STANDARD 

CONC. I RATE I SPACING I DEVIATION 
(ml/seed) I (seed/sec) I (mm) I (mm) 

-------------------------------------------
4.£1 f1.5 I 112.0 8.0 
11.0 1.0 I un.6 17.7 
4.0 2.0 I 113.6 26.6 
4.0 3.fl I 117.8 31.1 

I 
1.0 0.5 I 110.2 11.3 
l . ~~ 1.0 I 112.9 15.8 
3.0 2. 0 I 113.5 21.4 
'1.fl 3.0 I 123.4 32.9 

I 
2.0 0.5 I 111.3 7.3 
~.0 1.0 I 111.7 12.4 
2.Cl 2.0 I 112.6 19.1 
2.~ 1.0 I 114.8 28.3 
~.0 tl.c:l I 116.5 30.2 
2.0 5.0 I 120.5 33.5 

I 
l.O 0.5 I 111.4 7.8 
1.0 l.Cl I 113.0 13.2 
l. C1 2 • (l I 111.9 21.2 
1.0 3.0 I 114.4 29.2 

I 
2.0* 0.5 I 113.4 18.8 
2. 0 3. 0 I 125.8 34.1 

I 
2.Cl** ~' • 5 I 115.0 19.3 

-------------------------------------------
*Tomato **Lettuce 
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A study was made of the damage to pregerminated seed 

which occurred during the preparation and the metering of 

the seed. Cabbage seed were germinated, mixed with gel at a 

2 ml/sced concentration and metered. Four samples of twenty 

five germinated seed each were taken after removal from the 

germinating column, after the seed had been mixed in the gel 

~nd pourerl into the holding tank, and after the seed had 

been metered at two different rates, 0.5 and 5 seed/sec. 

1\f:ter sampling, the seed were removed from the gel and 

pl~ced in moist petri dishes. All samples were allowed to 

grow for two days and at the end of the growth period the 

r•Jmber of heal thy growing seed were counted. In all cases 

tC\{-~ entire tw·~nty five seed were growing, indicating no dam­

age was caused at any point in the preparation and metering 

of the cabbage seed. 

After testing with cabbage seed to determine optimum 

metering conditions, additional tests were conducted with 

tomnto, lettuce· and cucumber. In each case the gel/seed 

r,,tio wa!::i mixed at an optimum rate and the seed were to be 

metered at a low rate of 0.5 seed/sec and a high rate of 3.0 

seed/sec. This was to give best and worse case distrib­

utions. For tomato~s, the seed most like cabbage, tests 

were completed at both metering rates. The percentage error 

and spacing uniformity were poorer than the corresponding 

tc~:;ts for cabbage. The number of doubles was similar to 

C<lbbnqe but th(~ p•ncenttlge of skips was much higher. Most 

o[ these skips were due to losing seed at the transfer 
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point. Lettuce was run at only the lowest metering rAte 

hccause the spacing was extremely poor at that setting. 

Again the high number of skips can be attributed to poor 

seed transfer from the input to the output disk. No tests 

were recorded for cucumber seed because the seed could not 

be meter<:~d without dr~mage. The timing of the seed transfer 

\vas unable to handle the larger cucumber seed and as a 

result e~ch seed was cut in half as it entered a cell on the 

output disk. In all cases the seed could be accurately 

cauqht without damage in the input disk. The transfer from 

the input disk to the output disk was the major source of 

~etering error for all seed tested. 

In no test wa~ the metering accuracy greater than 90 

p0rccnt. For precision planting of crops directly to stand, 

metering accuracy should be greater than 95 percent. The 

seed metering device as currently designed would be unac­

cept~ble for precision planting due to the high percentage 

of error. The uniformity of the spacing would be acceptable 

at lower metering speeds. The maximum metering rate would 

depend on the tolerance of a particular crop to spacing var-

iation. 

M<~t(~rinfJ System Operation 

Overall the metering system was not able to precision 

1neter the seed at the desired metering rates. Parts of the 

system performed their individual functions well and other 

parts performed poorly. Improvements on the metering mecha-
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nism design could increase the metering accuracy to an 

Dcceptable point. 

Gel, Tank and Seed Funnel 

The Viterra II gel performed well during metering 

tests. The seed settling shown in the vibration tests was 

not seen even though it was subject to vibration from the 

plnnter test stand. A 1.0 percent concentration of gel held 

• I • 

the seed 1n suspens1on well. 

The gel t~nks caused no problems with the metering sys-

tem. The funnel shapod bottoms of the tanks allowed the 

r-Jmpl.ete emptying of the gel. The tan k i n t e r i o r s we r e 

spr~yed with acrylic to retard rusting but this coating was 

inadequate. During t~nk clean up the coating was scarred 

<md chipped, leaving areas of bare metal which rapidly 

developed rust. The pressure regulators used with the tanks 

were very sensitive and required constant observation to 

insure proper scttinc;s. More stable regulators are needed 

for future use. 

The seed funnel is a particularly weak part of the 

No ~ttempt was made to design a funnel 

th~t would clear block~ges without operator assistance. For 

th8 metering system to be acceptable for use as a field 

pl;'~nter, n funnel, 0r oth,~r similar mechunism, must be 

designed to be self cleaning. Blockages can generally be 

avoided in the current system by using a higher gel/seed 

rntio. However blocks cannot be completely eliminated in 
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this manner. 

The seed blockages were generally due to two causes, a) 

seed with long radicles that could not flow through the fun-

n(~ l outlet and b) seed that move into the funnel adjacently 

and wedge at the opening. The first cause can generally be 

eliminated by metering seed with short radicles. The second 

c~use of blocknge is particularly a problem with long seed 

\Jitll oval crossections such <'ls cucumber. With a round out-

let, two seed points could try to enter at the same time, 

cnusing them to wedge. In an attempt to eliminate this 

problem, an oval shaped funnel was constructed. This how­

The seed PVer, was less successful than the round funnel. 

did not lodge at the outlet, 

outlet. 

Seed Detection And Trapping 

but wedged together above the 

The initial detection of seed as they entered the 

The photoelectric 

dc~toctor worked well in sensing seed presence. The only 

diCEiculties nrose when the gel contained air bubbles. The 

detector would occasionally trigger on an air bubble, 

r(~,;ulting in ?In empty cell. This problem was minimized with 

c,lrcful mixing of the gel to avoid the air bubbles. The 

s~ud could be detected and trapped consistently at the same 

location in the cells. This location was very dependent on 

t.tH~ relationship between the programmed time delay and the 

pressure in the holding tank. An improved design would 
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inc 1 ude a detection system which could automatically 

compensate for changes in tank pressure. 

Before each test the input and output disks had to be 

visually aligned with input and output ports to assure cor­

rect cell alignment. While this method of alignment was 

s~tisfactory for this study, an improved method of alignment 

is needed. This is particularly true if the mechanism parts 

~re made from a material other than plexiglass. 

S(>ed TrAnsfer 

The transfer of the trapped seed from the input to the 

nutput disk was the greatest cause of error in the resulting 

sr~ed distribution. The transfer circuit was not flexible 

ennugh to handle seed of various sizes. Seed which were too 

lorge were cut in half and small seed were often not 

dr."tc~cted by ttw pllotoeleetric detector. A means of separat­

ing the timing of the seed in put and o utpi.Jt functions is 

Bt.i 1.1 n'.!cessary. lluwever, the means used in this design wa!.i 

unsuccessful. 

Seed Outlet Tubing 

A tube of diameter slightly larger than the seed being 

metered w~s used to move the seed from the metering mecha­

nism to the test belt. It was determined that the tubing 

ne~ded to be as short as possible and only slightly larger 

t.l,.1n thf~ s<~ed jn diameter. If a larger diameter tube was 

used, the sp~c ing between the seed was lost due to some seed 
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traveling in the high velocity area at the center of the 

tube and others moving along the walls of the tube in the 

slower velocity region. With smaller diameter tubing this 

action was still present but not as serious as with the 

lnrgar tubing. Using the shortest length of tubing possible 

h~lped tn minimiza the seed movement relative to each other. 

Microcomputer and Controlling Circuits 

The microcomputer and the associated controlling cir­

cuits worked very well. After the program changes were made 

and the timing functions were removed from the microcompu­

b~r•s responsibilities, the controlling system performed its 

job well. Some problems were experienced with achieving the 

correct sensitivity setting for the photoelectric detectors, 

but once the sensitivity levels were set there was no need 

for further ~djustment. 1~e reliability of the entire elec­

tronic system appeared to be quite high. 



CHAPTER VI 

SUMMARY, CONCLUSIONS AND SUGGESTIONS FOR 

FURTHER STUDY 

Summary 

A study was undertaken to improve the means with which 

pregerminated seed are planted and to develop a precision 

met~ring system which would allow the planting of pregermi-

nnted seed directly to stand. The specific objectives of 

this research were: 

l. Determine an acceptable means of transporting 
the pregerminated seed with respect to seed 
protection, facilitation of planting 
operation and ease of handling. · 

2. Design, construct and evaluate a mechanism 
cnpable of precision planting pregerminated 
seed of various sizes, shapes and intra-row 
spac:inejt> nt nccopti'lble field planting rates. 

Research was conducted in three phases. The first 

phase was to identify and describe the rheology of a carrier 

(or the pr erJ erm ina ted seed. Two water swellable gels, 

Viterra II and CLD, were selected from a number of sample 

gels for rheologic?l evaluation. These evaluations included 

viscosity measurement, determination of thixotropic 

properties nnd seed suspension abilities. 

The second phase of the study involved the 

1/.7 
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deturmination of the seed spacing distribution whiell 

resulted from the unmetered extrusion of a uniform gel/seed 

mixture. Descriptive parameters of the distributions were 

determined and the experimentnl results were compared to the 

results predict<:'!d by theoretical analysis. A theoretical 

predictor of the spncing mean was derived and compared to 

the measured means. 

The third phase consisted of design, construction and 

~v~luntion of a metering system for pregerminated seed. The 

followinq design objectives were used in development of the 

me Lt2 r i nq sys tern. 

1. Damage to the pregerminated seed must be 
practically non-existant. 

/.. Metered seud must follow a continuous 
identical path from the meter to the furrow. 

3. The metering system must be portable and 
achieve rensonable field planting rates. 

To nchieve these objectives, a metering system was 

rlesigned which incorporated photoelectric detectors to sense 

seed presence, a continuous outlet flow of gel to carry seed 

to the furrow, an electronic detection of travel speed and a 

microcomputer with associated circuitry to control the 

entire system. The metering system was tested at different 

gel/seed concentrations, at various metering rates and with 

f1>11r difft!rent sr~ed types. 
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Conclusions 

1. Roth Viterra II and CLD water swellable gels were pseu-

doplastic in nature Hnd their viscosities can be 

described by the power law equation: 

2. Viterra II had thixotropic properties and its apparent 

viscosity as a function of time could be modeled by the 

equation: 

~ = ~ 0 - bt log(time) 

1. CLn nt 2.1 percent concentration was capable of holding 

seed in suspension under vibration. For concentra-

tions, ranging from 0.8 to 1.1 percent, Viterra II was 

not able to hold seed in suspension during one hour of 

vibration. 

~. CLD was unsuitable for use in a seed metering device 

due to the separation of free water from the gel mole-

cul es during v ib ration or pumping. 

!1. 'I'll(~ cUJl\ulntive seed spacing distribution from an unme-

tereJ uniform gel/seed mixture can be accurately pre-

dieted by the followinr:J equation: 

-AX 
N = N e ·· X 0 

r,. The spacing distribution resulting from an unmetered 

uniform gel/seed mixture was unsuitable for precision 
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planting of pregerminated seed. 

7. The pr eg erm ina ted seed meter 1 ng sys tern had unacceptable 

amounts of metering error at all test conditions. The 

percentage of total metering errors generally ranged 

from 10 to 20 with the percentage increasing rapidly 

with metering rates of greater than 2.0 seed/sec. 

8. The metering system was capable of uniformly spacing 

those seed th~t were accurately metered. The most uni­

form spacings were achieved at the 0.5 seed/sec meter­

ing rate. Sp~~ing uniormity decreased with increasing 

metering rAte. Gel/seed concentration had little 

effect on thu spacing uniformity. 

9. Tlle metering system was only able to accurately meter 

cabbage seed. Other seed sizes and shapes were metered 

much less accuratHly. 

10. Tbe system was capable of metering cabbage seed at 

rates of 0.5 and 5.0 seed/sec without damage to any of 

the pregerminatcd seed. 

Suggestions for Further Study 

Althou~h the performance of the metering system was 

p0or, certnin pr1rts of the design performed their functions 

v0ry well. With appropriate refinements of the design of 

th'~ met0ring mech;ll1ii:im, the possibility of high speed preci-

s i o 11 p Lm t i n g o f p r eg e r m i n n ted seed is g rea t. Further work 

in this area is recommended to improve the metering system. 

Specific areRs of the metering mechanism that need fur-
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ther study include the seed funnel, cell alignment and the 

seed transfer. The seed funnel should be improved so that 

any seed blockage would be self cleaning. In addition, a 

sc~rl detection method should be developed that could accu­

rately catch seed in the input cells independent of tank 

pr·~ssure. A method of automatically aligning the disk cells 

with input and output ports is needed. The seed transfer 

from the input disk to the output disk was the major cause 

of mctoring error. The transfer operation should be greatly 

improved or eliminated in future work. 

Further work should be conducted to identify improved 

3ecd carrying gels. Alternative gels should have better 

!1U•~d HU8pension r~lliHc1r::teri.stica, better optict~l clarity <:~nd 

be easier to handle. 
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APPENDIX A 

PLANS FOR METERING MECHANISM PARTS 

A-1 EXPLODED VIEW OF METERING MECHANISM 

A-2 METERING MECHANISM FRAME 

A-3 DISK HOUSING 

A-1 DISK HOUSING (SECTION AA) 

A-5 DISK COVER 

A-r, INPUT DISK 

A-7 TRANSFER BLOCK 

A-n SEED FUNNEL 
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APPENDIX A-1 
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7.14 Dio.- 6 Holes 
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20NF 

A 8 
2.0 63.0 
3.5 60.0 
5.0 52.0 



APPENDIX B 

METERING SYSTEM CONTROL PROGRAMS 

B-1 ORIGINAL PROGRAM 

B-2 REVISED PROGRAM 
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APPENDIX B-1 

This is a listing of the original program which con-

troled the metering mechanism. This program caused the 

microcomputer to monitor seed movement and control the disk 

rotation. It was written in Intel's assembly language and 

wns stored at memory location 3000H. The program had three 

inputs, two photonlectric devices and the optical encoder, 

i'liHl two outputs, tho two stepping motors. 

The following is n list of the RAM locations that are 

u·r.~~rrod to by thn m1;1in progri\m and which must be set before 

u,,~ proqrnm is execut(~d. 

Location 
2000-20(11 

2002-2~l03 

2(Hlt1-2005 

.7.0C8-20Cl\ 

Name 
DPl 

012 

PDELAY 

SPACE 

Description 
The delay time to allow the seed to 
move from the photocell in to the disk. 
Loaded by user (hexidecimal). 

The delay time to allow the seed to 
move from disk 1 to disk 2. 
Loaded by user (hexidecimal). 

The delay time between output pulses. 
Loaded by user (hexidecimal). 

Distance in centimeters between seeds. 
Loaded by user (hexidecimal). 

Locatinn of the JMP command for RST fi.S 
C3H,~8H,30H should be loaded by user. 

Location of the JMP command for RST 7.5 
C3H,50H,30H should be loaded by user. 



LI\AF.:L 
EMP'PY 
DP.'l'ECT 
IV.'f\L 
CVAL 
MF.TF:H 

NEXT 

POLL 

PC0N 

THIS 
fNTER 

OPCODE 
EQU 
EQU 
SET 
SET 
MVI 
ou·r 
MVI 
MVT 
STAX 
MVI 
SIM 
MVI 
OUT 
LDA 
DCH 
OUT 
MVI 
OUT 
MVI 
OUT 
EI 
MVI 
STA 
MVI 
IN 
CMP 
az 
JMP 
IN 
CMP 
JN7. 
JMP 

SECTION 
POP 
MVI 
ou·r 
MVI 
OUT 
MVI 
LOA 
CMP 
,JZ 
,JIY! p 

Tti£S SECTION 
H l~LP iYIV I 
LP rotvr 

ou·r 
LX[ 
CALL 
MVI 
OUT 

OPERAND 
2fil09H 
2001\H 
18H 
13H 
A,filEH 
:?.em 
B,20H 
C,OFFH 
B 
A, IVi\L 

A, CV/\L 
l3H 
SPACE 
A 
l0H 
A,05H 
23H 
A, rHH 
21H 

/\, 0ClH 
DBTECT 
E,01H 
21H 
E 
PCON 
POLL 
21H 

SEED 
PCON 

COMMENTS 

;load bit pattern in Ace. 
;output Ace. to port 20 
;load the memory loc. 20FF 
; in Reg. B and C 
;store Ace. at loc. 20FF 
;load interrupt mask value 
;set interrupt mask 
;load counter value 
;output value to counter 
;load seed spacing 
;decrement SPACE 
;output SPACE to counter 
;set bits for output signal 
;output signal to counter 
;turn bit 3 off 
;outputs a pulse to load 
;enable interrupts 
;set Ace. equal to zero 
;set DETECT equal 0 
;set Reg. E equal to one 
; input from photo cell 
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;check for photocell being on 
;if photocell is on, go to PCON 
;if off, check again 
; input photo cell 
;check for photocell on 
; i f o f f j urn p to SEED 
; i f on j urn p to PC ON 

HANDLES THE COUNTER INTERRUPT 
PSW 
l\, CHJH 
2.1H 
A,CHH 
21H 
B, CHlH 
DETECT 
B 
NOSE ED 
HSTRT 

;remove data from stack 
;set gate 0 value low 
;output to counter 0 gate 
;set gate 0 value high 
;output to counter 0 gate 
;set Reg. B equal to 0 
;load DETECT in Ace. 
;check for Ace. equal to 
;if Ace. = 0 go to NOSEED 
; if not, go to RS'I'RT 

zero 

STOPS THE METER IF NO SEEDS ARE ENTERING 
B, CHJH 
/\,01H 
22H 
D,0fH18H 
DELAY 
A,OOH 
22H 

;s~t pulse counter = 0 
;turn pulse on 
;output pulse to motor 1 
; load pulse width delay value 
;call delay routine in monitor 
;turn pulse off 
;output to stepping motor 1 



FLI\SH 

DPY 

SEED 

n;; Trl'l' 
L/)()p 

!NR 
MOV 
CPI 
JZ 
LHLD 
XCHG 
CALL 
JMP 
MVI 
MVI 
LX£ 
CALL 
MVI 
MVI 
LXI 
~ALL 

LXI 
~l\LL 

MVI 
MVI 
LXI 
CALL 
LXI 
CALL 
.JM p 

DI 

MVI 
S'rA 
INR 
ST/\ 
LHLD 
XCHG 
CALL 

fill VI 
MVI 
r-1VI 
OUT 
LX£ 
CALL 
MVI 
0UT 
INR 
MOV 
CPI 
,JZ 
LHLD 
X~HG 

CALL 

B 
A,B 
05H 
FLASH 
PDELAY 

DELAY 
LP 
A,01H 
B, C10H 
H,BLANK 
ou·rrT 
A,CJ0H 
B,00H 
H,CHJ\R 
OUTPT 

D,CJFFFFH 
DELAY 
A,CJOH 
B,00H 
H,BLANK 
0 UT P'l' 
D,OFFFFH 
DEL/\Y 
DPY 

;increment pulse counter 
;move pulse counter into Ace. 
;compare pulse counter to 5 
;if equal, go to FLASH 
;load PDELAY into Reg. H ~nd L 
;exchange Reg. H & L with D & E 
;call delay routine 
;start another pulse 
;use data field on keyboard 
;no decimal indicator 
;use characters at BLANK 
;output blanks 
;use address field on keyboard 
;no decimal indicator 
;use characters at CHAR 
;output four characters to the 
;keyboard to flash HELP 
;load time between flashes 
;call delay routine 

;use characters at BLANK 
;output blank characters 
;load value for time delclY 
;call delay routine 
;continue until reset 

SEED DETECTED SECTION 

f\,OOH' 
EMPTY 
1\ 
DE'fEC'l' 
DPl 

DELAY 

C, 'HHi 
B, CHHI 
A,CHH 
/2H 
D,0008H 
DELAY 
l\,00H 
2/.H 
B 
1\,B 
05H 
CHECK 
PDELl\Y 

DEL/\ Y 

;disable interrupts so that the 
;pulse train can't be disturbed 
;set Ace. equal to zero 
;set empty cell counter to zero 
;increment Ace. to one 
;set program control counter =1 
; 1 o ad DP 1 i n to Reg • H and L 
;move DPl into reg. D and E 
;use DELAY to allow seeds 
;time to move from the 
;photocell to disk 1 
;set train counter equal 0 
;set pulse counter equal " 
;turn pulse on 
;output pulse to motor 1 
;load pulse width delay value 
;call delay routine in monitor 
;turn pulse off 
;output to motor 1 
;increment pulse counter 
;move pulse counter into Ace. 
;compare pulse counter to 5 
;if equal, go to CHECK 
; load PDELAY into Reg. H and L 
;exchange Reg. H & L with D & E 
;c~ll delay routine 



CHECK 

SNDLP 

'l'HDLP 

WI\ IT 

~~'T'HT 

LIJP/. 

No:;EED 

LOOP3 

,JMP 
MOV 
CPI 
.JZ 
INR 
EI 
HLT 
MVT. 
MVI 
MVI 
LHLD 
IN 
CMP 
.JNC 
TNX 
DCX 
MOV 
ORA 
JZ 
JMP 

IN 
CMP 
JNC 
DCX 
IN 
IN 
ACI 
ACI 
MOV 
ORl\ 
.JNZ 
MVI 
MVI 
OUT 
LXf 
CALL 
MVI 
ou·r 
INR 
MOV 
CPI 
JZ 
LHLO 
XCHG 
CALL 
.JMP 

LOA 
INR 
STA 
MVI 
MVI 
OUT 

LOOP 
A,C 
01H 
LOOP?. 
c 

B,00H 
C,00H 
E,02H 
012 
2lH 
E 
TROLP 
B 
H 
l\, L 
H 
S'l'HT 
SNOLP 

21H 
E 
'l'ROLP 
B 
21H 
2lH 
fllH 
01H 
A,B 
c 
WAIT 
B,CJ0H 
A,40H 
22H 
D,CHi0RH 
DELl\Y 
l\, Cl0H 
22H 
B 
.1\, B 
05H 
NEXT 
POE LAY 

DELAY 
LOP2 

;st;ut flnother pulse 
;put train counter in Ace. 
;compare counter to 1 
; if equal, go to LOOP2 
;increment train counter 
;enable the interrupts 
;wait for interrupt 
; 
; s e t r eg i s t e r s 
; 
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;load 012 in Reg. Hand L 
·******************************* , 

; 
;this section counts up while 
;waiting for the seed to pass 
;the second photocell 

i 
·******************************* , 

; 
;this section counts back down to 
;zero to trap the moving seed 
;count down starts after the seed 
;is past the photocell 
;after reaching zero, the output 
;disk is rotated 

' ·******************************* ' ;set pulse counter 
;turn pulse on 
;output pulse to motor 2 
;load pulse width delay value 
1G<lll d•!lay routine in monitor 
;turn pulse off 
;output to motor 2 
;increment pulse counter 
;move pulse counter into Ace. 
;compare pulse counter to 5 
; if equal, go to NEXT 
; load PDELAY into Reg. H and L 
;exchange Reg. H & L with D & E 
;call delay routine 
;start another pulse 

NO Sf~ED SECTION 
ElvlPTY ; load empty cell counter in Ace 
A ;increment counter 
EMPTY ;store empty cell counter 
B,CJOH ;set pulse counter equal 0 
A,OlH ;turn pulse on 
22H ;output pulse to motor 1 



LOP3 

SCNDLP 

THRDLP 

.,.11\ TTT 

~;'l'/\HT 

LOOP4 

CHt;r<: 

LXI 
CALL 
MVI 
OUT 
INR 
MOV 
CPI 
JZ 
LHLD 
XCHG 
CALL 
Jl¥\P 
MVI 
MVI 
MVI 
LHLD 
IN 
CMP 
,JNC 
TNX 
DCX 
MOV 
OR!\ 
,J'l 
.JMP 
IN 
CMP 
.JNC 
DCX 
IN 
IN 
ACI 
ACI 
MOV 
ORA 
INZ 
MVI 
1'-1VI 
ou·r 
LX[ 
CALL 
MVI 
ou·r 
INR 
MOV 
CPI 
J7. 
LHLD 
XCHG 
CALL 
JMP 
LOA 
CPI 
,Jz 

0, CHHJ8H 
DELAY 
A,00H 
22H 
B 
l\,B 
0AH 
LOP3 
POE LAY 

DELAY 
LOOP3 
B,OOH 
C,f!OH 
E,02H 
Dl2 
21H 
E 
THRDLP 
B 
H 
r-.,L 
H 
STAR'r 
SCNDLP 
21H 
E 
THRDLP 
B 
21H 
21H 
Olll 
OlH 
A,B 
c 
WAITT 
B,00H 
A1 40H 
22H 
D,0008H 
DELl\ Y 
A,{HlH 
22H 
B 
A,B 
05H 
CHEK 
PDELAY 

DELAY 
LOOPt1 
EM P'rY 
10H 
HELP 
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;load pulse width delay value 
;call delay routine 
;turn pulse off 
;output to motor 1 
;increment pulse counter 
;move pulse counter into Ace. 
;compare counter to 10 
; if equal, go to LOP3 
; load. PDELAY into Reg. H and L 
;exchange Reg. H & L with D & E 
;call DELAY routine from monitor 
;start another pulse 
; 
; s e t r eg i s t e r s 
i 
; load Dl2 into Reg. H and L 
·*******.******************* I 

; 
;this section counts up while 
;waiting for the seed to pass 
;the second photocell 

i 
·**************************** , 

i 
;this section counts back down 
;to zero to trap the seed 
;counting starts after the seed 
;is past the photocell 
;the disk is rotated when the 
;count reaches zero 

I 

·**************************** I 

;set pulse counter equal 0 
;turn pulse on 
;output pulse to motor 2 
;load pulse width delay value 
;call delay routine in monitor 
;turn pulse off 
;output to motor 2 
;increment pulse counter 
;move pulse counter into Ace. 
;compare pulse counter to 5 
;if equal, go to CHEK 
; load PDELAY into Reg. H and L 
;exchange Reg. H & L with D & E 
;call delay routine 
;start ~nother pulse 
;load empty call counter in Ace 

. ;compare counter to 16 
; if equal, go to HELP 



CHAR 
BLJ\NK 

,JMP 
DB 
DB 
END 
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NEXT ;return to main section 
10H,CH~H,llll,12H 
15H,l5H,l5H,l5H 
METER 
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APPENDIX B-2 

This is a listing of the microcomputer program as 

revised to incorporate the independent citcuits. It's pri-

m~ry function was monitoring seed movement. The program 

st~rted the motor rotation with short pulses and rapidly 

returned to seed monitoring. Th<? program had two inputs, 

the photoelectric device and the optical encoder, and two 

outputs, one for eAch stopping motor. 

1'he following is n list of the RAM locations that are 

refered to by the main program and which must be set before 

th0 program is executed. 

Loc.l t ion 
?. (H~ 0 - 2 0 ~ 1 

?.OC0-20CA 

20CE-20DO 

Name 
np-r-

SPACE 

Descri.ption 
The delay time to allow the seed to 
move from the photocell in to the disk. 
Loaded by user (hexidecimal). 

Distance in centimeters betw~en seeds. 
Loaded by user (hexidecimal). 

Location of the JMP command for RST 6.5 
C3H,52H,30H should be loaded by user. 

Location of the JMP command for RST 7.5 
C3H,72H,30H should be loaded by user. 



L/\t:H.:r.. 
F:M P'rY 
f)8'l'ECT 
POFF 
PON 
IVAL 
CVI\L 
PVALl 
PVAL2 
NU1>1PUL 
"-1ETP.R 

N P.X'r 

POLL 

OPCODE 
EQU 
EQU 
EQU 
EQU 
SET 
SET 
SET 
SE'r 
C)ET 
MVl: 
OUT 
MVt 
MVI 
:, ·rl\X 
MVI 
STM 
MVI 
OUT 
LOA 
OCR 
ou·r 
MVI 
OUT 
MVI 
OUT 
MVI 
ou·r 
OUT 
MVI 
OUT 
MVI 
ou·r 
MVI 
STA 
ET 
MVI 
ST/\ 
MVI 
IN 
l\NT 
CMP 
.JZ 
.JMP 
IN 
l\NI 
CMP 
JNZ 
,JMP 

OPERAND 
2~H:J3H 

2 ':H' 4 u 
2005H 
2006H 
18H 
12H 
52H 
92H 
(l')Ji 

A,0EH 
2CHI 
B,20H 
C,FFH 
B 
l\,IVZ\L 

1\,CVAL 
131-l 
SPACE 
A 
J.OH 
l\, PVALl 
13H 
A,PVAL2 
13H 
1\,NUMPUL 
llH 
12H 
A,n5H 
?.3H 
A,01H 
?.3H 
A,00H 
EMPTY 

A,OOH 
DETECT 
E,0lH 
?.!H 
C:HHHHHHHB 
E 
PCON 
POLL 
21H 
000000018 

SEED 
PCON 

COMMENTS 

;load bit pattern in Ace. 
;output Ace. to port 20 
;load the memory loc. 20FF 
; in Reg. B and c 
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;store Ace. nt loc. 20FF 
;load interrupt mask value 
;set interrupt mask 
·**************************** I 

; 

; 
;this section sets the 
;counting modes and values 
;for each of the three 
; counters 

; 
·**************************** , 
;enable interrupts 

; reset DETECT 
; 
; in put photo cell 
;mask out all but bit 1 
;check for photocell on 
; i f on j um p to PC ON 
;if off continue to poll 
; input photocell 
;mask out all but bit 1 
;check for photocell on 
;if off jump to SEED 
;if on continue to poll 

THIS SECTION HANDLES THE THE TRAVEL INTERRUPT 
INTER POP PSW ;pop data off stack 

MVI A,00H ;**************************** 
OUT 23H 



MVI 
OUT 
MVI 
MVI 
OUT 
S'PA 
INR 
STA 
LDA 
CMP 
JZ 
JMP 

THIS SECTION 
HELP 1<1VI 
LP 1>1VI 

FLI\~H 

DPY 

ou·r 
LXI 
CALL 
MVI 
ou·r 
INR 
MOV 
CPI 
,JZ 
LHLD 
XCHG 
CALL 
,1MP 
r>1VI 
MVI 
LXI 
CALL 
MVI 
MVI 
LXI 
CALL 

LXI 
CALL 
MVI 
MVI 
LXI 
CALL 
LXI 
CALL 
,JJV!P 

THIS SECTION 
~iEED DT 

MVI 
OUT 
STA 
TNR 

A,01H 
21H 
B,CHJH 
A,OOH 
22H 
POFF 
A 
PON 
DETEC'T 
B 
CHEK 
RSTRT 

. , 
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;this section checks to see if 
;a seed has been detected 
;if no seed has entered the 
;meter, then control moves to 
;CHEK 
;if a seed was detected, then 
;control transfers to RSTRT 

; 
·***************************** I 

s·rops THE 
B,00H 
A, 0lH 
22H 

METER IF NO SEEDS ARE ENTERING 
;set pulse counter • ~ 
;turn pulse on 

D, 0CH18H 
DELAY 
fi.,OOH 
22H 
B 
1\,B 
05H 
FLASH 
PDELAY 

DELAY 
LP 
/\,0lH 
B, fH'H 
H,BLANK 
ou·rp·r 
/\,00H 
B, CHHI 
H,CHT\R 
OUTP'r 

;output pulse to motor 1 
;load pulse width delay value 
;call delay routine in monitor 
;turn pulse off 
;output to stepping motor 1 
;increment pulse counter 
;move pulse counter into Ace. 
;compare pulse counter to 5 
; if equal, go to FLASH 
; load PDELAY into Reg. H and L 
;exchange Reg. H & L with D & E 
;call delay routine 
;start another pulse 
;use data field on keyboard 
;no decimal indicator 
;use characters at BLANK 
;output blanks 
;use address field on keyboard 
;nQ decimAl indicator 
;use characters at CHAR 
;output four characters to the 
;keyboard to flash HELP 

D, 0FFFF!l ; load time between flashes 
DELAY ;call delay routine 
A,00H 
B,00H 
H,BLANK 
OU'rPT 
D,0FFFFH 
DELAY 
DPY 

;use characters at BLANK 
;output blank characters 
;load value for time delay 
;call delay routine 
;continue until reset 

INITIATES DISK ROTATION WHEN A SEED IS PRESENT 

.I\ 1 40H 
/.2H 
POFF 
A 

;disable the interrupts 
·************************** I 

; 
;set POFF and PON to catch a seed 
;and start the time delay for 



R:>'l'HT 
PC: IlK 

LOOP 

CHECK 

Cll E I< 

CHAR 
BLANK 

STA 
MVI 
STA 
INR 
STA 
LHLD 
XCHG 
CALL 
MVI 
MVI 
T.N 
CMP 
,JC 
LOA 
OUT 
T.N 
CMP 
JNC: 
LOA 
OUT 
"'10V 
CPT. 
,Jz 
T.NR 
EI 
HL'r 
LOA 
CPI 
,JZ 
INH 
STA 
.JMP 
DB 
DB 

PON 
A,00H 
EMPTY 
A 
DETECT 
DPl 

DEL/\ Y 
C,00H 
E,08H 
?.l.H 
E 
PCHK 
PON 
22H 
2lH 

CK 
POFF 
22H 
7\,C 
OlH 
NEX'l' 

;seed movement 

; 
·************************** , 

; 
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;this section outputs a pulse 
;to start the motor circuits 
; 
;the transfer circuit is enabled 
;or disabled, depending on the 
;current operation 
; 
;it is off to catch a seed in the 
;input disk and on to transfer a seed 

c ; 
;enable interrupts 
;halt for the interrupt 

EMPTY ;************************** 
lOH ;this section increments the EMPTY 
HELP ; coun tc r and returns to the po 11 irv:J 
A ;loop if there have been less than 
EMPTY ;16 consecutive misses 
NEXT ;************************** 
HJH, nEH, llH, 12H 
l5H, 15H, 15H, 15H 



APPENDIX C 

GEL VISCOSITY DATA 

C-l V(TERRA II: CAPILLARY DATA 

C-2 VI'l'ERRA II: BROOKFIELD DA'fA 

C-3 VI'rERR!\ II: FANN DATA 

C-4 VI TERRA II: BROOKFIELD THIXOTROPIC DATA 

C-5 CLD: CAPILLARY DATA 

C-() CLD: BROOKFIELD DATA 
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APPENDIX C-1 

------------------------------------------------
Concentration I Shear ~i\ te I Shear Stress 

( Percent) I (Sec ) I (Pa) 
----------------+---------------+---------------

0.5 I 3 CJ. 29 I 27.72 
~'. 5 I 58.71 I 38.38 
(1 • 5 I 87.12 I 41).91 
Ci.5 I 115.53 I 55.44 
0.5 I 143.94 I 61.84 

I I 
0.5 I 143.94 I 59.70 
0.5 I 172.35 I 68.23 
0.S I ?. 0CL 77 I 7 2. 5~J 
01.5 I 200.77 I 72.50 
o.s I /.29.18 I 76.76 

I I 
0.5 229.18 I 7().76 
0.75 10.71 I 40.51 
'~. 7 5 59.52 I 59.70 
n.7'> 59.52 I 61.84 
n.7s ns. :n I 74.(13 

I 
0.75 88.33 I 63.98 
0.75 117.14 I 83.16 
0.75 117.76 I 76.76 
0.75 .145.9<1 I 91.69 
0.75 145.94 I 87.42 

I 
0.75 174.75 I HHil. 22 
(J. 7 5 174.75 I 95.95 
0.75 203.5() I 106.61 
0.75 203.5(j I 104.48 
0.75 232.37 I 1 Hl. 88 

I 
CL 75 232.37 I 110.88 
l.n 30.94 I 53.31 
1.0 S9.95 I 72.50 
l.rl 59.95 I 615.10 
l.c-:l 88.97 I 89.55 

------------------------------------------------



APPENDIX C-1 (Continued) 

Concentration I Shear Rfl te I Shear Stress 
(Percent) I (Sec-1) I (Pa) 

----------------+---------------+---------------
1.0 I 88.97 I 81.03 
1.0 I 117.98 I 102.35 
l.CJ I 117.93 I 98.08 
l.O I 147.~m I 110.88 
1.0 I 147.00 I 108.74 

1.0 
l. Cl 
1. (~ 
1.0 
1.0 

1.0 

I I 
I 170.01 I 
I 176.01 I 
I 205.03 I 
I 205.03 I 
I 234.04 I 
I I 
I 234.04 I 

121.54 
117.27 
130. 'n 
127.94 
134. 33 

134.33 
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APPENDIX C-2 

------------------------------------------------
Concentration I She<a· Rate I Shear Stress 

(Percent) I (Sec-1) I (Pa) 
----------------+---------------+-------~-------

0.5 I 2.13 I 4. 62 
H.5 I 2.1:3 I 4.62 
n.s I 2.13 I 4.62 
0.5 I 4.25 I 6.40 
'1. 5 I 4.25 I 6.75 

I I 
0.5 I 4. 25 I 6.40 
0.5 I 4.25 I 6 .• 40 
0.5 I ·1. ~5 I 7.11 
0.5 I 4.25 I (,.40 
,,_ 5 I 10.63 I 10.66. 

I I 
n.s I 10.1)3 I 11. 0J: 
n.s I 1H.n1 I 11. 'n ·t 

0.5 I UJ. (.)3 I 9.59 
n.s I 10.63 'I ll ~·01 
0 • I) I 10.63 I 9.24 

I I 
n.5 I :?.1..25 I 16.34 •· 
Cl.S I 21.25 I 16.70 
~' . s I 21.25 I 16 •. 7" 
0.5 2~.25 I 12.79 
0.5 21.25 I 15.63 

I 
0. 5 21.25 I 14.92 
n.7 1. ~6 I 5.33 
(1. 7 1 • (16 I 4.62 
0.7 l. Ot) I 4.62 
0.7 l. 06 I 4.62 

I 
0.7 1. on I 4.21) 
0.7 l.(l6 I 4.21) 
0.7 2. 13 I 7.46 
f1. 7 2 .. 13 I 7.11 
C1. 7 2.1.3 I ().75 

I 
0.7 2.13 I 6.75 
0.7 2.13 I ().40 
0.7 2.13 I li.04 
0.7 11.25 I u,.r;() 
n.7 4.25 I 9.95 

------------------------------------------------



APPENDIX C-2 (Continued) 

------------------------------------------------
CONCENTRATION I SHEAR RATE I SHEAR STRESS 

(percent) I (sec-1) I (Pa) 

----------------+---------------+---------------
0.7 
!L7 
~.7 
n.7 
"·7 
0.7 
!l. 7 
0.7 
0.7 
0.7 

0.7 
0.7 
Cl.7 
(J. 7 
0.7 

0.7 
1. C1 
1.0 
1.~ 

1.0 

l.O 

l. '' l.n 
l.O 
l. (1 

l.O 
1.0 
1.0 
l.O 
1.0 

l. '' 1.0 
1.0 
l.!l 
1.0 

4.25 
4.25 
4.25 
4.25 

10.f'3 

10.fi] 
1o.nJ 
10.()3 
10.63 
10. 63 

21.25 
21.25 
21.25 
21.25 
21.25 

21.25 
1. 06 
1. 06 
1. 06 
2.13 

2.13 
2.13 
2. ll 
2.11 
2.13 

4.25 
4.25 
4.25 
4.25 
4.25 

tl.25 
1n.o1 
Hl. 63 
10.63 
u'. G3 

10.30 
10.30 
9.23 
9.23 

. 17. 77 

15.99 
15.28 
14.92 
14.92 
14.92 

2n.29 
24.16 
23.45 
22.74 
22.38 

22.38 
7.11 
7.46 
7.46 

10.30 

H1. 30 
10.30 
11. so 
9.94 
9.94 

14.57 
14.57 
14.57 
1fi.70 
15.t13 

14.21 
22.74 
23.45 
23.45 
25.94 

------------------------------------------------

ln2 



APPENDIX ~-2 (Continued) 

CONCENTRATION I SHEAR RATE I SHEAR STRESS 
(percent) I (sec-1) I (Pa) 

----------------+---------------+---------------
1.0 I 10.fi3 I 24.52 
1.0 I 10.fi3 I 21.68 
1.0 I 21.25 I 36.95 
1.0 I 21.25 I 35.53 
1.0 I 21.25 I 34.11 

l.O 
l.n 
1.0 

I I 
I 21.25 I 
I 21.25 I 
I 21.25 I 

38.02 
38.02 
31.98 
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APPENDIX C-3 

------------------------------------------------
Cone en tr a tion I Shear Rate I Shear Stress 

(P(HCent} I (S(}c-1} I (Pa} 

----------------+---------------+---------------
0.5 I 5.11 I 4.35 
0.5 I 5.11 I 4.35 
(1. 5 I 5.11 I 5.44 
n.s I 1(1.22 I 5.99 
n.5 I u~. 22 I 5.44 

I I 
0 • 5 I lfl.~2 I 3.81 
0.5 I 170.311 I 20.n8 
0.5 l 170. 34 I 20.68 
0.5 I 170.34 I 15.78 
n.5 I 3/1(1.68 I 38.10 

I I 
n.s I 340.68 I 38.01 
D.S I 340.()8 I 26.67 
0.5 I 511.02 I 54.43 
0.5 I 511. 02 53.33 
n.5 I 511.02 32.66 

I 
0.5 I H'22.(l4 99.06 
(1. 5 I 1022.04 103.4.1 
0.5 I 1022.04 69.67 
0.7 I 5.11 9.25 
0.7 I 5.11 11.97 

I 
0.7 I 5.11. 10.8.9 
(1. 7 I lr1.~2 1?:.52 
0.7 I 10.22 lCL 34 
0.7 I 10.22 12.52 
0.7 I .170.34 I 47.9" 

I I 
0.7 I 170. 34 I. 39.73 
0.7 I 170.34 I. 37.55 
0.7 I 340.68 I . 75 •. 20 
0.7 I 140~()8 I 68~'03 
0.7 I 340.68 I 6 2 .·s9 

I I 
0.7 I 511.~,2 I 96.33 
n.7 I 511. 02 I 94.16' 
0.7 I 511 .• 02 I 7t;.2 
0.7 I .1022.04 I 137.15 
0.7 I 1022.04 I . 152.39 

------------------------------------------------
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APPENDIX C-1 (Continued) 

Concentration I Shear Rate I Shear Stress 
(Percent) I (Sec-1) I (Pa) 

----------------+---------------+---------------
U.7 I 1022.04 125.18 
1.0 5.11 11.43 
1.0 5.11 10.34 
1.0 5.11 10.89 
1.0 1~.22 14.70 

1.0 10.22 14.15 
1.0 10.22 9.80 
l.n 170.34 6n.40 
1.0 17(~.34 65.31 
1." 170.34 45.17 

1.0 340.68 108.85 
1." 340.68 104. 50 
1.0 '340.(.8 82.73 
l.C1 511.02 157.84 
l.Cl 511.02 134.43 

l.c:J 511. 02 119.74 
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APPENDIX C-4 

G8L CONCENTRATION • 0.6 PERCENT 

----------------------------------------------------------
I I SHEAR I SHEAR I I SHEAR I SHEAR II SHEAR I SHEAR 

TIME I I RATE !STRESS I I RATE !STRESS I I RATE !STRESS 
(sec) II (sec-1) I (Pa) II (sec-1) I (Pa) II (sec-1) I (Pa) 

-------++-------+-------++-------+-------++-------+-------
5 II I II 4.40 I 7.91 II 11.01 12.47 

10 I 2.20 I 5.50 II 4.40 I 7.65 II 11.01 12.04 
r,a I 2.20 I 5.24 II 4.40 I 7.40 II 11.01 11.70 
90 I 2.20 I 4.99 II 1.40 I 7.14 II 11.en 11.35 

l?.rl I ?..?.0 I tt.R2 II 4.40 I fi.88 II 11.01 11.18 

l'"i(l 
1 80 
2lCl 
240 
270 

1!Hl 
l r) 11 
420 
4 80 
5110 

I I II I II 
I 2.2f} I 1.73 II 4.40 I 6.79 II 
I ::>.. 2~1 I 4. Sn I I 4. 40 I 11. 62 I I 
I 2.2c' I 4.47 II 4.40 I 11.54 II 
I 2.20 I 4.39 II 4.40 I 6.36 II 
I 2.20 I 4.30 II 4.40 I n.27 II 
I I II I II 
I 2. 20 I 1. 21 I I 4. 4~l I 6. 19 I I 
I 7..2n I 4.13 II 4.40 I 6.02 II 
I 2.20 I 3.96 II 4.40 I 5.85 II 
I 2.20 I 3.87 II 4.40 I 5.76 II 
I 2.20 I 3.78 I I 4.40 I 5.68 I I 
I I II I II 

11. CH 
11.01 
11.01 
11.01 
11.01 

11.01 
11.01 
11.01 
11.01 
11.01 

I 2.20 I 3.7~l II 4.40 I 5.591111.01 

11.01 
10.84 
10.6!) 
10.58 
10.49 

10.41 
U1. 23 
10.06 

9.98 
9.89 

9.80 
----------------------------------------------------------
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APPENDIX C-~ (Continued) 

GEL CONCENTRATtON = 0.8 PERCENT 

----------------------------------------------------------
II SHEAR I SHEAR I I SHEAR I SHEAR II SHEAR I SHEAR 

'l'IME II RATE I STRESS II RATE I STRESS II RATE I STRESS 
(sec) ll(sec-1)1 (Pa) ll(soc-1)1 (Pa) ll(sec-1)1 (Pa) 

-------++-------+-------++-------+-------++-------+-------
5 2. 2C1 I 8.51 I 4.40 11.95 I 

10 2.20 I s. rl s I t1.40 11.18 I 11.01 16.81) 
()0 2.20 I 7.83 I 4.40 10.66 I 11. 01 16.00 
90 2.20 I 7.31 I 4.40 9.98 I 11.01 15.39 

120 2.20 I 6.97 I 4.40 9. 63 I 11.01 14.96 
I I I 

1 5CJ 2.20 I 1).71 I 4.40 9.29 I 11. en 14.53 
180 2.20 I 6.45 I 4.40 9.03 11. 01 14.28 
2U1 2.20 I 6.28 I 4.40 8.77 11.01 13.93 
240 2.20 I 6.02 I 4.40 8. 51 11.01 13.67 
270 2.20 I 5.93 I 4.40 8.26 11.01 13.50 

I I 
3 CHJ 2.20 I 5.71'i I 4.40 8.08 11. 01 13.33 
3!)(1 ?. • 2~ I I). 50 I 4.40 7.83 11.01 12.99 
, ?. (l 2. 2Cl I 5.2'1 I 11.40 7.48 11. en 12.73 
tHHl 2. 2(1 I 5.07 I 4.40 7.22 11.01 12.47 
54C1 2. 201 I 11.90 I 11.40 7.05 11.01 12.30 

I I 
100 2.20 I 5.11) I 4.110 8.08 11.01 13.33 
11')0 ?. • 211 I ., • 50 II 4.40 7.83 11. en 12.99 
11~0 2.20 I '1.25 II 4.40 7.48 11.01 12.71 

. II q (J 2.20 I 5.07 II 4 • 4 C1 7.22 11.01 12.47 
')1\(J 2.20 I 4.90 II 4.40 7. (J 5 11.01 12.10 

I II 
r; f1 0 2. 20 I 4.73 II 4.40 6.79 11.01 12.12 

----------------------------------------------------------



APPENDIX C-4 (Continued} 

GEL CONCENTRATION = 1.0 PERCENT 

------------------------------------------
I I SHEAR I SHEAR I I SHEAR t SHEAR 

TIME I I RATE !STRESS I I RATE !STRESS 
(sec} llfsec-1)1 (Pa) ll(sec-1)1 (Pa) 

-------++-------+-------++-------+--------
5 II I II 4.40112.47 

3 0 I I 2 • 2 o I 9 • 2 o. I I 4 • 4 0 I 12. 21 
()0 II 2.20 I 8.86 II 4.40 I 11.87 
9~l I I ?. • 20 I 8. 51 I I 4. 40 I 11. 52 

l?.C' II ?.2n I 9.34 II 4.40 I 11.27 
I I I I I 

150 II 2.2f~ 8.08 II r1.40 I 
180 
21CJ 
240 
27fl 

II 2.2n 7.91 II 4.40 I 
II 2.2(' 7.74 II 4.40 I 
II 2.20 7.57 II 4.40 I 
II ?..:w 7.48 II 1.40 I 
II II I 

100 II 2.20 7.11 II 4.4" I 
I I 2 • 2 c~ 7 • ~J 5 I I 4 • 4 0 I 
II 2.20 6.88 II 4.40 I 
II 2.20 6.71 II 4.40 I 

11.01 
10.84 
10.66 
10.49 
10.41 

H,. 23 
9.98 
9.80 
9.63 

3GO 
420 
480 
51}0 II 2.20 6.54 II 4.40 I 9.46 

I I I I I 
G00 II 2.20 6.36 II 4.40 I 9.29 

------------------------------------------
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APPENDIX C-5 

------------------------------------------------
Concentration I Shear Rf te I Shear Stress 

( Percent) I (Sec- ) I (Pa) 
----------------+---------------+---------------

l.P I 25.7.3 I 10.66 
l.8 I 48.89 I 18.76 
l.8 I 72.55 I 24.73 
l.A I 9'i.21 I 3(1.7C1 
l.B I 119.87 I 40.91\ 

I I 
1..8 I 143.53 I 46.91 
1.8 I 1G7.19 I 51.17 
1.8 I 190.85 I 67.38 
2.0 I 26.28 I 27.29 
2.0 I 38.60 I 25.59 

I I 
2.0 I 50.93 I 37.53 
2.(1 I 75.58 I 47.76 
2.0 I 75.58 I 46.91 
2.0 I 75.58 I 46.91 
2.0 I 100.23 I 66.10 

I I 
2.0 I 112.55 I 55.44 
2.0 I 124.87 I 77.61 
2.0 I 124.87 I 75.06 
2.0 I 137.20 I 61.41 
2.0 I 137.20 I 76.76 

I I 
2.0 I 137.20 I 1)8.23 
2. (1 I 137.20 I 68.23 
?..0 I 1<19.52 I 92.11 
2.0 I 14 9. 52 I 83.16 
2.0 I lf5l.85 I 74.63 

I I 
2.0 I 1711.17 I 102.35 
2.0 I 174.17 I 98.08 
7..0 I 190.82 I 109.17 
2. (' I 198.82 I 85.29 
2.0 I 198.82 I 85.29 

------------------------------------------------
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APPENDIX C-5 (Continued) 

Cone en tra tion I Shear Rate I Shear Stress 
(Percent) I (Sec-1) I (Pa) 

----------------+----------~----+---------------
2.2 27.82 34.12 
2.2 27.82 34.12 
2.2 53.92 55.44 
2.2 80.02 71.64 
2.2 80.02 G4.82 

2.2 HHi.11 78.04 
2.2 1 32. 21 88.70 
2. 2 132.21 93.82 
2.2 158.30 104. 91 
2.2 158.30 109.17 

?..?. 18<1.40 115.99 
2.2 2 HJ. 50 12n.23 
?..2 ?.lCL 50 124.52 
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APPENDIX C-6 

------------------------------------------------
Concentration I Shear Rate I Shear Stress 

(Percent) I (Sec-1) I (Pa) 

----------------+---------------+---------------
0.5 30.29 I 27.72 
0.5 58.71 I 38.38 
0.5 87.12 I 46.91 
Cl.5 115.53 I 55.44 
C1. 5 1113.94 I fl1.!34 

I 
,,_ 5 143.94 I 59.70 
n.s 172.35 I 68.23 
11.5 200.77 I 72.50 
0.5 200.77 I 72.50 
0.5 229.18 I 76.76 

I 
vJ • 5 229.18 I 76.76 
'~. 75 :HJ.71 I 4 0. 51 
0.75 59.52 I 59.70 
('. 75 59.52 I 61.84 
0.75 88.33 I 74.63 

I '1. 7 5 38. :n 63.98 
(1. 7 5 117.14 (33.16 
C1. 7 5 117.14 76.76 
0.75 145.94 91.69 
C1. 75 145.94 87.42 

0.75 174.75 100.22 
n.75 174.75 95.95 
,, • 75 201.sn 106.61 
0.75 203.51) 104.48 
0.75 232.37 110.88 

0.75 ?.32.17 110.88 
1.0 30.94 53.31 
1.0 59.95 72.50 

1. '' 59.95 Gli.10 
l.n 8B.97 89.55 

------------------------------------------------



APPENDIX C-G (Continued) 

Concentration I Shear Rate I Shear Stress 
(Percent) I (Sec-1) I (Pa) 

----------------+---------------+---------------
1.0 I 88.97 81.03 
1.0 I 117.98 102.35 
1.0 I 117.93 98.08 
1.0 I 147.00 110.88 
1.0 I 147.00 108.74 

1.0 
1.0 
1.0 
1.a 
1.0 

1.0 

I 
I 
I 
I 
I 
I 
I 
I 

176.01 
17o.{H 
205.03 
205.03 
234.04 

234.04 

121. 54 
117.27 
130.07 
127.94 
134.33 

134.33 
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APPENDIX D 

SEED SUSPENSION DATA 

D-1 VtTERRA II SEED SUSPENSION DATA (LOW 
FREQUENCY) 

D-2 CLD SEED SUSPENSION D~TA (HIGH FREQUENCY) 

D-3 CLD SEED SUSPENSION DATA (LOW FREQUENCY) 
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APPENDIX D-1 

F r e q • = 1 5 Hz , Amp • = 0 • 18 mm , Vi brat ion Time = 1 h r 

-----------------------------------------------------
TIME CONC. !LOCATION! REPLIC.I SAMPLE !NO. SEED 

--------t--------+--------+--------+--------+--------
before I 
before I 
before I 
before I 

I 
before I 
before I 
before I 
before I 

I 
before I 
before I 
before I 
before I 

I 
before I 
before I 
before I 
before I 

I 
before I 
before I 
before I 
b'~ fore I 

I 
before I 
before I 
be .fore 
before 

before 
before 
before 
before 

before 
before 
before 
before 

0.8 I lower 
0.8 I lower 
CL 8 I lower 
0.8 I lower 

I 
0.8 I middle 
0.8 I middle 
0.8 I middle 
0.8 I middle 

I 
0.8 I upper 
0.8 I upper 
0.8 I upper 
0.8 I upper 

I 
". 9 I 1 OW(H 

0.9 I lower 
0.9 I lower 
<1. 9 I lower 

I 
0.9 I middle 
n.9 I middle 
n.9 I middle 
0.9 I middle 

I 
C1. 9 I upper 
0.9 I upper 
0.9 I upper 
C1.9 I upper 

I 
1.,~ I lower 
1.0 I lower 
1.0 I lower 
1.0 I lower 

I 
1.0 I middle 
l. {1 I middle 
1.0 I middle 
1.!1 I middle 

1 
1 
2 
2 

1 
l 
2 
2 

1 
1 
2 
2 

1 
1 
2 
2 

1 
1 
2 
2 

1 
1 
2 
2 

1 
1 
2 
2 

1 
1 
2 
2 

1 
2 
1 
2 

1 
2 
1 
2 

1 
2 
1 
2 

1 
2 
l 
2 

1 
2 
1 
2 

1 
2 
1 
2 

1 
2 
1 
2 

1 
2 
1 
2 

35.0 
27.0 
23.0 
23.0 

12.0 
22.0 
21.0 
26.0 

9.0 
17.0 
9.0 
8.0 

23.0 
24.0 
14.0 
19.0 

19.0 
19. (1 

38.0 

2 3. "' 

9.0 
24.0 
19.0 
29.0 

18.0 
21.0 
29.0 
16.0 

29.0 
29.0 
20.0 
17.0 

-----------------------------------------------------

174 



175 

APPENDIX D-1 (Continued) 

-----------------------------------------------------TIME CONC. ILOCATIONI REPLIC. I SAMPLE I NO. SEED 
--------+--------+--------+----~---+--------+--------
before I 1.!1 I upper 1 I 1 I 24.0 
before I 1.0 I upper 1 I 2 I 23.0 
before I l.0 I upper 2 I 1 I 9 • (1 
b(~ fore I t.O I .upper 2 I 2 I 19.0 

I I I I 
before I 1.1 I lower 1 I 1 I ?.0.0 
before I 1.1 I lower 1 I ?. I 20.0 
before I 1.1 I lower 2 I 1 I 12.0 
before I 1 .• 1 I lower ?. I 2 I 37.0 

I I I I 
beforE~ I 1.1 I middle 1 I 1 I 23.0 
before I 1.1 I middle 1 I '- I 18.0 
before I 1.1 I middle 2 I 1 I 15.0 
before I 1.1 I middle 2 I 2 I 22.0 

I I I I 
before I l.l I upper 1 I 1 I 16.0 
before I 1.1 I upp'~ r 1 I 2 I 17.0 
before I l..l I upper 2 1 I 10.0 
before I 1.1 I upper 2 2 I 26.0 

I I I 
after I (1. 8 I lower 1 1 55.6 
after I 0.8 I lower 1 2 37.8 
after I 0.8 I lOWfH 2 1 51.1 
after I 0.8 I lower 2 2 4 6. 7 

I I 
after I 0.8 I middle 1 1 10.0 
after I n.a I middle 1 2 7.8 
after I 0.8 I middle 2 1 0.0 
ctfter I 0.8 I midd 1 e 2 2 0.0 

I I 
after I 0.8 I upper 1 1 2.2 
.1fter I 0.8 I upper 1 2 1.1 
after I 0.8 I upper 2 1 0.0 
after I o.n I upper 2 2 0.0 

I I 
nfter I 0.9 I lower 1 1 47.8 
r1fter I 0.9 I lower 1. 2 41.1 
after I CL9 I lower 2 1 41.1 
after I 0.9 I lower 2 2 . 4 7. 8 

-----------------------------------------------------
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APPENDIX D-1 (Continued) 

-----------------------------------------------------
'riME CONC. !LOCATION! REPLIC. I SAMPLE I NO. SEED 

--------+--------+--------+--------+--~-----+--------
after I ~1. 9 I middle I 1 I 1 I "·" after I 0.9 middle I 1 I 2 I 0.0 
after I 0.9 middle I 2 I 1 I 2.2 
nfter I 0.9 middle I 2 I 2 I 4.4 

I I I I 
after I 0.9 upper I 1 I 1 I 0.0 
after I (J. 9 upper I 1 I 2 I 0.0 
ctfter I 0.9 uppor I 2 I 1 I 0 • ,,, 
afu~r I "'·9 upper I 2 I 2 I "·"" I I I I 
after I 1.0 lower I 1 I 1 I 35.6 
after I l.(J lOW(H I 1 I 2 I 31.1 
aft(::r I l.(l lower I 2 I 1 I 4 5. 6 
after I l.O I lower I 2 I 2 I 46.7 

I I I I I 
after I 1.0 I middle I 1 I 1 I 1 3. 3 
after I l. (~ I middle I 1 I 2 I 23.3 
after I 1.0 I middle I 2 I 1 I 0.0 
after I 1. 0. I middle I 2 I 2 I 1.1 
after I 1.0 I upper I 1 I 1 I 2.8. 9 
CJfter 1.0 I upper I 1 I 2 I 6.7 
after 1..0 I upper I 2 I 1 I 0.0 
after 1.0 I upper I 2 I 2 I 0.0 

I I I I 
after l.l I lower I 1 I 1 I 28.9 
n.f.ter l.l I lower I 1 I 2 I 25.6 
after l.l I lower I 2 I 1 I 32.2 
a ftcr l.l I lower I 2 I 2 I 25.n 

I I I I 
after 1..1 I middle I 1 I 1 I n.7 
aftor l.l I middle I 1 I 2 I 5.6 
after l.l I middle I 2 I 1 I 7.8 
u f te r 1.1 I middle I 2 I 2 I 11.1 

I I I I 
after l.l I upper I 1 I 1 I 0.0 
after l.l I upper I 1 I 2 I 3.3 
a ftcr 1.1 I upper I 2 I 1 I 1 .1 
after 1.1 I upper I 2 I 2 I 2.2 

-----------------------------------------------------
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J\PPENDIX D-2 

Freq. = 50 Hz, Amp. = fi!J. 38 mm, Vibration Time = 1 hr 

-------------------------------------~---------------
TIME CONC. I LOCATION! REPLIC.I SAMPLE I NO. SEED 

--------+--------+--------+--------+--------+--------
before 1. 65 I lower I 1 I 1 15.0 
before 1. 55 I lower I 1 I 2 10.0 
before l. 65 I lower I 2 I 1 23.0 
before l. 65 I lower I 2 I 2 24.0 

I I I 
before l. 65 I middle I 1 I 1 5.0 
before l. fl5 I middle I 1 I 2 27.0 
before l. r;s I middle I 2 I 1 18.0 
before l. 115 I middle I 2 I 2 18.0 

I I I 
before l. • hI) I upper I 1 I 1 1.0 
before l. l'iS I upper I 1 I 2 0.0 
before 1.1)5 I upper I 2 I 1 10.0 
before l. r;s I upper I 2 I 2 15.0 

I I I 
before 1. f'HJ I lower I 1 I 1 8.0 
before 1. 80 I lower I 1 I 2 22.0 
before I 1. 80 I lower I 2 I 1 23.0 
before I l. 80 I lower I 2 I 2 20.0 

I I I I 
before I 1.80 I middle I 1 I 1 5.0 
before I 1. 80 I middle I 1 I 2 4.0 
before I 1. 80 I middle I 2 I 1 22.0 
before I 1 • 8 (j I middle I 2 I 2 17.0 

I I I I I 
before I 1. 80 I upper I 1 I 1 I 7.0 
before I l. 8(J I upper I 1 I 2 I 1.0 
before I 1. sn I upper I 2 I 1 I 11.0 
before I l. 80 I upper I 2 I 2 I 13.0 

I I I I I 
before I l. 95 I lower I 1 I 1 I 7.0 
before I l. 95 I lower I 1 I 2 I 9.0 
before I 1..95 I lower I 2 I 1 I 19.0 
bnfore I 1..95 I lower I 2 I 2 I 20.(1 

I I I I I 
before I l • 9 r> I middle I 1 I 1 I 5.0 
before I l. gc; I midd 1 e I 1 I 2 I 11.0 
before I l. 95 I middle I ?. I 1 I 19.0 
before I l. 95 I m idd 1 e I 2 I 2 I 22.0 

-----------------------------------------------------
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APPENDIX D-2 (Continued) 

------------------------------------------------------
1'IME CONC. !LOCATION! REPL tC. I SAMPLE !NO. SEED 

--------+--------+--------+--------+---~----+--------
br~ fort') I 1..95 I upper I 1 I 1 I 7.0 
bt:fore I 1. 95 

' 
upper I 1 I 2 I 2.0 

before I 1.95 I upper I 2 I 1 I 16.0 
before I 1.95 I upper I 2 I 2 I 15.0 

I I I I I 
before I 2.10 I lower I 1 I 1 I 8.0 
before I 2.10 I lower I 1 I 2 I 10.0 
before I 2. Hl I lower I 2 I 1 I 24.0 
before I 2.10 I lower I 2 I 2 I 20.0 

I I I I I 
before I 2. H~ I middle I 1 I 1 I 11.0 
before I 2.10 I middle I 1 I 2 I 2.0 
before I 2. Hl I middle I 2 I 1 I 18.0 
before I 2. H) I middle I 2 I 2 I 23.0 

I I I I I 
before I 2.10 I upper I 1 I .l I 11.0 
before I 2. Hl I upper ' 1 I 2 I 6.0 
before I 2.10 I upper I 2 I 1 I 17.0 
before I 2.10 I upper I 2 I 2 I 13.0 

I I I I I 
after I l.n5 I lower I 1 I 1 I 17.8 
after I 1.. (i5 I lower I 1 I 2 I 16.7 
after I 1. fi5 I lower I 2 I 1 I 32.2 
nfter ' l. fi5 I lower I 2 I 2 I 54.4 

I I I I I 
after I l. (i5 I middle I 1 I 1 I 18.9 
nftcr I l. r.;s I middle I 1 I 2 I 2.2 
nftP.r I l. liS I mic'ldle I 2 I l I 3.3 
r~ fter I l. (i5 I midc'lle I ?. I 2 I 0.0 

I I I I I 
after I l. 115 I upper I 1 I l I 0.0 
r:Jfter I l. 115 I upper I 1 I 2 I 0.0 
r:~fter I l. 1}5 I upper I 2 I 1 I 0.0 
after I l. fi5 I upper I 2 I 2 I 0.0 

I I I I I 
after I l • 8 (1 I lower I 1 I 1 I 12.5 
after I l. 80 I lower I 1 I 2 I 7.5 
aftc:r I l. 8Cl I lower I 2 I 1 I 15. 6 
after I l • 8 ~' I lower I 2 I 2 I 15.6 

-----------------------------------------------------
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APPENDIX D-2 (Continued) 

-----------------------------------------------------
TIME CONC. I LOCATION I REPLIC.I SAMPLE I NO. SEED 

--------+--------+--------+--------+--------+--------
nfter I 1.80 I middle 1 1 I 8.8 
aftur I 1.80 I middle 1 2 I 10.0 
after I l.8H I middle 2 1 I 25.6 
after I 1. 80 I middle 2 2 I 3 6. 7 

I I I 
after I 1. 80 I upper 1 1 I 0.0 
after I 1.8fl I upper 1 2 I 7.5 
after I 1. 80 I upper 2 1 I 0.0 
after I 1.80 I upper 2 2 I 2.2 

I I I 
after I 1.95 I lower 1 1 I 11.1 
after I 1. 95 I lower 1 2 I 7.8 
after I 1.95 lower 2 1 I 24.4 
after I 1..95 lower 2 ?. I 23.3 

I I I 
(lfter I l. 9S mid ell e 1 I 1 I 2.2 
after 

' 1. 95 middle 1 I 2 I 17.8 
after I l. 95 middle 2 I 1 I 22.2 
after I 1. 95 middle 2 I 2 I 18.9 

I I I 
after I l. 95 upper 1 I 1 I 6.7 
after I 1. 95 upper 1 I 2 I 2.2 
after I 1.95 upper 2 I 1 I 10.0 
after I 1. 95 upper 2 I 2 I 7.8 

I I I 
after 2. Hl lower 1 I 1 I 4.4 
after 2.10 lower 1 I 2 I 12.2 
after 2.10 lower 2 1 I 21.1 
n fter 2 • 1 '' lower 2 2 I 17.8 

I 
after 2.10 middle 1 1 I UJ. 0 
after 2.10 middle 1 2 I 8.9 
ilfter 2.10 middle 2 1 I 22.2 
after 2. Hl middle 2 2 I 26.7 

I 
after 7.. Hl upper 1 1 I 4.4 
after 2. Hl upper 1 2 I 7.8 
after 2.10 upper 2 1 I 2t1.4 
after 2.10 upper 2 2 I 14.4 

-----------------------------------------------------
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APPENDIX D-3 

Freq. = 15 Hz, Amp. = 0.38 rnm, Vibration Time = 1 hr 

-----------------------------------------------------
TIME CONC. !LOCATION! REPL IC. I S.!\MPLE !NO. SEED 

--------+--------+--------+--------+--------+--------
bE~fo n~ I l. () ') ' lower I l I 1 U1. 2 
bt~fore I l. ()I) I lower· I l I /. 17.9 
bt~fo re I l. fi I) I lower I /. I 1 14.0 
before I l. !)') I lower I 2 I 2 15.0 

I I I I 
be fo u~ I 1. GS I middle I 1 I 1 11.7 
before I 1. n5 I middle I 1 I 2 21.7 
before I 1. 65 I middle I 2 I 1 25.0 
before I 1. os I middle I 2 I 2 20.0 

I I I I 
before I l.fiS I upper I 1 I 1 9.9 
befor0 I l. 65 I upper I 1 I 2 25.3 
before I l. 65 I upper I 2 I 1 8.0 
before I 1.65 I upper I 2 2 7.0 

I I I 
before I l. 80 I lower I 1 1 15.4 
before I l. 80 I lower ' 1 2 22.6 
before 

' 
1. 8CJ I lower I 2 l 24.0 

before I l. 8(1 

' 
lower I 2 2 16.0 

I I I 
before I l. 8(l middle I l 1 I 19.9 
before I 1.80 middle I 1 2 I 21.7 
before I 1. 80 middle I 2 l I 17.0 
before ' l. 80 middle I 2 2 I 17.0 

' ' 
I 

be f.o re I 1.80 upper I 1 1 I 19.0 
bE.~ fore 

' 
l.f1Cl upper I l 2 I 13.n 

before I l.An upper 

' 
2 l I 10.0 

before I 1. 80 upp~r I 2 2 I 9.0 
I I I 

before I l. 95 lower I l l I 19.9 . 
before I l. 9S lowcH ' 1 2 I 23.5 
he fore I l. 95 lower I 2 1 I 23.0 
before I 1.95 lower I 2 2 I 27.0 

' ' I 
before I l. 95 middle I 1 1 I 19.0 
before I 1.95 middle ' 1 2 I 12.6 
before I l. 95 middle I 2 1 I 17.0 
before I 1.95 middle I 2 2 I 21.0 

-----------------------------------------------------
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APPENDIX D-3 (Continued) 

-----------------------------------------------------
TIME CONC. I LOCATION I REPL IC. I SAMPLE I NO. SEED 

--------+--------+--------+--------+--------+--------
before l. 95 I upper I 1 I 1 20.8 
be foro l. 95 I upper I 1 2 25.3 
before 1. 95 I upper I 2 1 1 2. " 
before 1. 95 I uppo r I 2 2 13." 

I I 
before 2.10 I lower 1 1 9.9 
before ?..10 I lower 1 2 21.7 
before 2. lCJ I lower 2 1 29.0 
before 2.10 I lower 2 2 17.0 

I 
before 2.10 middle 1 1 15.4 
before 2.10 middle 1 2 24.4 
before 2.10 middle 2 1 17.0 
before 2.10 middle 2 2 27.0 

I 
before ~. 1.0 upper 1 1 I 111.2 
before ?. • U1 upper l 2 I 1 3. (i 
before 2. H1 upper 2 1 I 17.0 
before 2. Hl upper 2 2 I 14.0 

I I 
nfter 1. ()') lower I 1 1 I 28.9 
after 1. (-)') lower I 1 2 I 37.9 
Clftcr l. (i5 lower I 2 1 I 13.3 
after 1. ()5 lower I 2 2 I 42.2 

I I 
nftr:~r l. ()5 middle I 1 1 I 5.4 
after l. ()5 middle I l 2 I 1.8 
after l. li5 middle I 2 1 I 11.1 
after 1. ()5 middle I 2 2 I 1. 3 

I I 
after 1. n5 upper I 1 1 I 0.0 
after 1. 65 upper I 1 2 I 0.0 
after 1. 65 upper I 2 1 I 0.0 
after 1. f'i5 upper I 2 2 I 0.0 

I I 
after 1..8Vl lower I 1 l I 20.8 
after 1. fHJ lower I 1 2 I 41.5 
after 1.8(1 lower I 2 1 I 2n.7 
after 1. 80 lower I 2 2 I 24.4 

-----------------------------------------------------
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APPENDIX D-1 {Co ntin ucd) 

-----------------------------------------------------
TIME CONC. !LOCATION! REPLIC. I SAMPLE I NO. SEED 

--------+--------+--------+--------+--------+--------
after I l. 80 I middle 0 

1 1 15.4 
after I l. 80 I middle 1 2 1(}.2 
after I l. 80 I middle 2 1 41). 7 
after I l. 80 I middle 2 2 28.9 

I I 
after I 1..8rl I upper l 1 0.0 
'" f te r I l. 80 I upper 1 2 0.0 
nfter I l.8(cJ I upper ?. 1 0.0 
P~ft(~r I l • R f1 I uppt~ r 2 7. 2.2 

I I 
<lfter I 1.. 9S I lower l 1 l:'i.2 
nfter I 1.95 I J ower l 2 25.] 
n fte r I 1.9') I lower 2 1 22.2 
Zl ftc r I l. 9'1 I lower 2 2 34.4 

I I I 
after I l. 9S I m idd 1 e I 1 1 12.6 
after I l. 95 I middle I 1 2 27.1 
after I 1. 95 I middle I 2 1 28.9 
after I 1. 95 I middle I 2 2 24.4 

I I I 
after I 1. 95 I upper I 1 1 5.4 
after l.9S I upper I 1 2 9.0 
after 1.95 I upper I 2 1 17.8 
ufter 1. 95 I upper I 2 2 16.7 

I I 
after 2.10 I lowe! r I 1 1 24.4 
after ?..10 I 1 ow~ r I 1 2 2".8 
after 2.10 I lowr~r I 7. 1 13.3 
ofter 7..10 I lower I 2 2 18.9 

I I 
ofter 2.10 I middle I l l 19.0 
nft0r ?. • Hl I middlf~ I l ?. 10.8 
C!fter ?. Hl I middle I 2 l 17.8 
n f tf! r 2. H1 I middle I 2 2 13.3 

I I 
i'l ftcr ?.10 I upper I 1. l 11.7 
nfter 2.10 I upper I 1 2 10.8 
after ?..10 I upper I ?. l 17.8 
nfter ?..10 I upper I 2 2 7.8 

---------------------------------------------~-------



APPENDIX E 

UNMETERED SEED SPACING DATA 

E-1 D/\'rA FOR UN!I1E'rERED 'rEST BlE15A 

E-2 DATA I-' OR UNMETERED TES'r I:HE15B 

E-3 DNrA FOH UNfi1ETERED TEST B3El5 

E-4 DATI\ FOR UNMETERED TES'r B5El5 

E-5 DI\Tl\ FOR UNME'rERED 'l'EST B7El5 

E-t; DA'rl\ r,OR UNMETERED TEST B5E5A 

E-7 DATA FOR UNME'rERED TEST BSESB 

E-8 DI\TA FOR UN!VlETERED TEST B5El0A 

E-9 DATI\ FOR UNMETERED 'rEST B5ElOB 

E-lCJ Dl\'I'l\ FOR UNMETERED TEST B5E2f1 

E-ll D/\TA FOR UNMETERED 'rEST B5E25 

un 



TEST CODE DEFINITIONS 

Example Code: VWXYZ 

V - seed type 

A-lettuce 

a-cucumber 

c-tomato 

D-cabbage 

W - travel speed (km/hr) 

l, 3, 5, or 7 

X - seed funnel used 

A-2." mm outlet 

C-3.5 mm outlet 

E-5.0 mm outlet 

y - Gel/Seed Ratio 

5-l ml/seed 

1"-/. ml/seed 

15-3 rnl/seed 

20-4 ml/seed 

?.5-5 rnl/ seed 

z - Test Identification 

A-first test 

a-second test 

184 
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APPENDIX E-l 

----------------------------------------------------------
S8ed Spncinq Number of spaces Number of Spaces 

X (mm) Equal to X Greater than X 

----------------+--------------------+--------------------
"i I ll I 113 

Hl I 8 I 102 
15 I I) I 94 
2 f1 I 5 I 88 
25 I 11 I 8] 

I I 
10 I 8 I 72 
35 I 5 I n4 
tlO I () I 59 
•1::) I 1\ I 53 
50 I 4 I 49 

I I 
55 I 3 I 45 

"" I 2 I 42 
G5 I 2 I 40 
7tl I 2 I 38 
75 I 5 I 35 

I I 
80 I 7 I 31 
85 I l I 24 
90 I 3 I ~3 
9S I ~ I 'Hl 

lflO I l I 19 
I I 

l (l5 

' l I 18 
1 l (l I ? I lG 
llS I l I 14 
1 20 I ~ I l] 
l 2 ') I 1 I 11 

I I 
l 1 11 I 2 I 10 
lltn I 1 I 8 
l'iO I 2 I 7 
170 I 1 I 5 
l 7 ~i I 1 I 4 

I I 
lfW I l I 3 
215 I 1 I 2 

----------------------------------------------------------
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APPENDIX E-2 

Seed Spacing Number of Spaces Number of Spaces 
X (mm) Equal to X Greater than X 

----------------+--------------------+--------~-----------
5 

Hl 
15 

2 '' 25 

l(l 
35 

'"" 45 
50 

55 
ISO 
65 
70 
7S 

8r1 
90 

HH1 
105 
110 

115 
130 
165 
175 
UHl 

2Hl 
2 2{l 

2 3 '' 3ln 

I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

8 
6 
5 
7 
4 

7 
() 

fl 
4 
3 

5 
4 
5 .., 
1 

1 
4 
1 
l 
2 

1 
3 
3 
1 
1 

l 
1 
1 
1 

I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

Hll 
93 
87 
82 
75 

71 
64 
58 
50 
46 

43 
38 
3.1 
29 
25 

24 
23 
19 
lB 
17 

15 
14 
11 

8 
7 

6 
5 
4 
3 
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APPENDIX E-3 

Seed Spacing Number of Spaces Number of Spaces 
X (mm) Equal to X Greater than X 

----------------+--------------------+---~----------------
5 I lA I 254 

10 I 17 I 23n 
15 I 7 I 219 
20 I 20 I 212 
?.5 I 12 I 202 

I I 
30 I 15 I 190 
35 I r, I 175 
40 I 15 I 169 
45 I B I 154 
so I 9 I 146 

I I 
55 I 7 137 
GO 10 130 
r,s n 120 
70 8 112 
75 7 104 

80 
85 
90 
95 

100 

105 
110 
115 
1?0 
125 

110 
1 ~ a 
150 
155 
160 

165 
170 
175 
180 
185 

7 
6 
r, 
7 
3 

n 
5 
~ 
4 
4 

1 
4 
2 
2 
4 

2 
9 
2 
1 
3 

97 
90 
84 
78 
71 

68 
62 
57 
53 
49 

45 
42 
38 
3n 
34 

30 
28 
19 
17 
16 
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APPENDIX E-3 (Continued} 

Seed Spacing Number of Spaces Number of Spaces 
X (mm} Equal to X Greater than X 

----------------+--------------------+--------------------
190 I 1 I 13 
210 I 2 I 12 
22C1 I 1 I 1 o 
225 I 1 I 9 
:no 1 1 1 s 

I I 
2:!5 I l I 7 
24S I l I 6 
3Ul I l I 5 
l?.S I 1 I 4 
ll !1 I 2 I 3 

I I 
170 I l I 1 
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APPENDIX E-4 

----------------------------------------------------------
Seed Spacing Number of Spaces Number of Spaces 

X (mm) Equal to X Greater than X 
----------------+--------------------+--------------------

5 ' 111 I 304 
Hl I 20 I 288 
15 I 2?. I 268 
?.0 I 14 I 246 
?.5 I 7 I 232 

' ' lO 
' 

1() 
' 225 

35 I lo I 209 
40 I 9 I 193 
45 I 14 I 184 
5(1 I 1G I 170 

I I 
5 ~; I 9 I 154 
()() I 7 I 145 
G5 I 6 I 138 
7" I 9 I 132 
75 I 10 I 123 

I I 
80 I 6 I 113 
85 I J I 107 
9,1 I 8 I 104 
95 I 8 I 96 

lC10 I 8 I 88 
I I 

105 I 2 I 80 
110 I 3 I 78 
115 

' 
'3 I 75 

120 I .., I 72 
125 ' 5 I 68 

' I 
1'30 ' t) 

' 
fi3 

135 I 5 I 57 
140 I 3 I 52 
1<'1 I) I 1 l 49 
1. 50 

' 
2 I 46 

' I 
155 I G I 44 
160 I 1 I 38 
Hi5 I 1 I 37 
170 I 1 I 36 
175 I 1 I 35 

----------------------------------------------------------
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APPENDIX E-4 (Continued) 

Seed Spacing Number of Spaces Number of Spaces 
X (mm) Equal to X Greater than X 

----------------+-~------------------+--------------------
180 
185 
190 
2 (1 0 
205 

210 
215 
235 
240 
250 

270 
285 
290 
1~~ 

1 r~ 5 

]20 
:no 
3 50 
355 

I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

3 
4 
1 
1 
2 

2 
3 
3 
2 
1 

2 
l 
1 
l 
1 

1 
1 
l 
l 

I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

34 
31 
27 
21) 

25 

23 
21 
18 
15 
13 

12 
10 

9 
8 
7 

6 
5 
4 
3 
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APPENDIX E-5 

Seed Spacing Number of Spaces Number of Spaces 
X (mm) Equol to X Greater than X 

----------------+--------------------+--------------------
5 I l r; 241 

10 I ll 225 
~s 1 s 214 
~0 I 12 209 
?S I 7 197 

I 
V1 I ll 19" 
lS 
1)(1 

I) C) 
5 (~ 

S5 
"i r:l 
(i5 
70 
75 

80 
85 
9YJ 
95 

100 

lOS I 
llH I 
115 I 
120 I 
l/.5 I 

I 
l lO I 
140 I 
1.115 I 
1 ') ~1 I 
l S'i I 

I 
170 I 
1.7'1 I 
l 'Hl I 
lH5 I 
190 I 

7 177 
15 

7 
14 

n 
12 

G 
r, 
8 

5 
tl 
6 
3 
5 

5 
8 
5 
l 
11 

3 
/. 
~ 
l 
1 

1 
1 
1 
J 
l 

I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

170 
155 
148 

134 
126 
114 
108 
102 

94 
89 
85 
79 
7G 

71 
66 
58 
53 
50 

4(i 
43 
41 
39 
36 

35 
34 
33 
32 
29 
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APPENDIX E-5 (Continued) 

Seed Spacing Number of Spaces Number of Spaces 
X (mm) Equal to X Greater than X 

-----------------+--------------------+--------------------
195 3 I 28 
205 2 I 25 
210 1 I 23 
215 1 I 22 
220 3 I 21 

I 
230 1 I 18 
235 2 I 17 
250 1 I 15 
255 1 I 14 
2()5 1 I 13 

I 
285 2 I 12 
?.95 3 I 10 
315 1 I 7 
330 1 I r) 

3 7~' l I 5 
I 

375 1 I 4 
3 9(~ l I 3 
11?.0 l I 2 
S55 1 I 1 
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APPENDIX E-6 

Seed Spacing Number of Spaces Number of Spaces 
X (mm) Equal to X Greater than X 

----------------+--------------------+--------------------
5 I 105 358 

l~ I 57 253 
15 I 2n 19G 
20 I 32 170 
/.5 I ~~ 138 

I 
10 I 28 112 
15 I 1r, 84 
~0 9 fiB 
~5 13 59 
sn 7 46 

55 9 39 
~0 8 30 
G5 5 22 
70 5 17 
75 1 12 

80 4 11 
85 2 7 
95 1 5 

100 3 4 
150 1 1 
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APPENDIX E-7 

----------------------------------------------------------
Seed spacing Number of Spaces Number of Spaces 

X (mm) Equal to X G reate r than X 
----------------+------------~-------+--------------------

5 I 84 I 448 
10 I 51 I 3 54 
15 I 50 I 313 
20 I 45 I 263 
25 I 37 I 218 

I I 
)(j I 27 I 181 
35 I 21 I 154 
40 I 30 I 133 
tl5 I 12 I HB 
5(~ I 11 I 91 

I I 
55 I l(j I 80 
(i (' I 11 I 70 
(}5 I 8 I 57 
70 I G I 49 
75 I 4 I 43 

I I 
R \~ I () I 39 
85 I 2 I 33 
90 I 5 I 31 
91) I 1 26 

H10 I 4 25 
I 

lOS I 1 ?.1 
1.10 I 1 18 
115 I 2 17 
170 I 1 15 
1.?.5 I 1 12 

I 
l SCl I 2 11 
1()5 I .l 9 
190 I 1 .8 
195 I 2 7 
2 ~l5 I 1 5 

I 
225 I 2 4 
245 I 1 2 
3 ,~0 I 1 1 

----------------------------------------------------------
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APPENDIX E-8 

Seed Spacing Number of Spaces Number of Spaces 
X (mm) Equal to X Greater than X 

----------------+--------------------+--------------------
5 I 37 308 

10 I 27 271 
15 I 2 '1 244 
20 I 23 224 
25 I 18 201 

I 
1n I 18 183 
35 I 1S 165 
40 I 21 150 
45 I liS 129 
50 I 10 1L1 

I 
55 I 14 103 
f.l0 I 5 89 
()5 I 8 84 
7(J I I) 76 
75 I 6 70 

I 
8!il I (j 64 
85 I 2 58 
90 I 5 56 
95 I 5 51 

UHJ I 1 46 
I 

105 I 
,... 

45 \) 

110 I () 39 
115 I 3 33 
120 I 2 30 
125 I 3 28 

I 
130 I 2 25 
135 I 3 23 
140 I 4 20 
145 I 2 1() 
l 50 I 1 14 
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APPENDIX E-8 (Continued) 

Seed Spacing Number of ~paces Number of Spaces 
X (mm) Equal to X Greater than X 

----------------+-----------~--------+--------------------
155 I 2 I 13 
l(-)0 I 1 I 11 
170 I 2 I 10 
180 I 1 I 8 
190 I 1 I 7 

I I 
27.0 I 1 I 6 
2 30 I 2 I 5 
325 I 1 I 3 
430 I 1 I 2 
440 I 1 I 1 

-------------------------------~--------------------------
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APPENDIX E-9 

----------------------------------------------------------
Seed Spacing Number of Spaces Number of Spaces 

X (mm) Equal to X Greater than X 
-----------------+--------------------+--------------------

5 28 I 3 63 
10 40 I 335 
15 25 I 295 
20 24 I 270 
25 27 I 246 

I 
]~ 30 I 219 
35 35 I 189 
40 14 I 169 
45 14 I 155 
5 (1 Ui I 141 

I 
1)5 19 I 125 
G(1 17 I 10() 
G5 U1 I 89 
70 7 I 79 
75 7 I 72 

I 
8(3 lCJ I ()5 
85 3 I 55 
90 4 I 52 
95 4 I 48 

1 0!1 5 I 44 
I 

105 tl I 39 
1lCl 5 I 35 
120 3 I 29 
125 2 I 26 
110 4 I 24 

I 
115 3 I 2 CJ 
140 4 I 17 
15(1 1 I 13 
.J.()(J 1 I 10 
ll'i5 . 1 I 9 

I 
170 1 I 8 
185 1 I 7 
190 1 I 6 
?.Cl0 1 I 5 
~05 1 I 4 

I 
21!~ l I J 
?.1)0 l I 2 
51! 5 1 I l 

----------------------------------------------------------
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APPENDIX E-10 

----------------------------------------------------------
Seed Spacing Number of Spaces Number of Spaces 

X (mm} Equal to X Greater than X 
----------------+-----------------~--+--------------------

5 I ?.5 
'' I 342 

10 I 18 I 317 
15 I 7 I 299 
20 I 21 I 292 
25 I 1(1 I 271 

I I 
10 I 111 I 255 
35 I 10 I 239 
tHl I 5 I 229 
45 I () I 224 
50 I 15 I 218 

I I 
55 I 17 I 203 
GO I 19 I 181) 
()5 I 3 I 167 
70 I 11 I 164 
75 I 6 I 153 

I I 
30 I 7 I 147 
85 I 4 I 140 
90 I 5 I 136 
95 I 11 I 131 

U10 I 12 I 120 
I I 

1Cl5 I 6 I 108 
1 H' I 8 I 102 
l1S I 3 I 94 
120 I 5 I 91 
125 I 3 I 811 

I I 
llVJ I tl I 83 
11'1 I 2 I 79 
140 I 4 I 77 
145 I 5 I 73 
150 I 4 I 68 

I I 
lS5 I 1 I 64 
1()0 I 2 I 63 
1()5 I 2 I 61 
170 I 7 I 59 
175 I 1 I 52 

----------------------------------------------------------
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~PPENDIX E-10 (Continued) 

Seed Spacing Number of ,spaces Number of Spaces 
X (mm) Equal to X Greater than X 

----------------+--------------------+--------------------
180 I 8 51 
185 I 2 43 
190 I 8 41 
195 I 1 33 
200 I 2 32 

I 
205 I 1 30 
210 I 1 29 
215 I 1 28 
220 I 1 27 
225 I 1 26 

I 
230 I 3 25 
215 I l 22 
240 I 1 21 
250 I l 20 
?.'55 I 2 19 

I 
?,1)0 I 1 17 
/.(iS I 1 16 
270 I 1 15 
27') I 1 14 
J05 I 1 13 

I 
345 I 2 12 
350 I 1 10 
380 I 1 9 
385 I 1 8 
395 I 1 7 

I 
415 I 1 6 
415 I 1 5 
4GO I 3 4 
480 I 1 1 
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APPENDIX E-ll 

----------------------------------------------------------
Seed Spacing Number of Spac~s Number of Spaces 

X (mm) Equal to X Greater than X 
----------------+----------------~---+--------------~-----

5 I Hi 260 
10 I 10 244 
15 I l(l 2 34 
20 I t::; 224 
25 I 11 . 218 

I 
1rl I 9 207 
35 I 5 198 
40 I 9 193 
45 I 10 184 
5 (l I 12 174 

I 
55 I 9 162 
~(l I 10 153 
(;5 I 10 143 
7 (1 I ] 139 
75 I 3 136 

I 
80 I 7 133 
85 I 3 126 
90 I 5 123 
95 I 6 117 

H1Cj I 2 111 
I 

105 I 5 109 
110 I 7 104 
115 I 4 97 
120 I 1 93 
1./.5 I ') 90 

110 1\ 84 
115 1 80 
ltl(l 4 79 
li!S ?. 75 
l '>11 1 73 

l 5') 4 70 
1Ji0 1 66 
1.70 3 1')3 
175 1 60 
180 4 59 

----------------------------------------------------------
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APPENDIX E-ll (Continued) 

----------------------------------------------------------
Seed Spacing Number of Spaces Number of Spaces 

X (mm) Equal to X Greater than X 
----------------+--------------------+--------------------

190 I 4 I 55 
195 I 2 I 51 
2Vl0 I 1 I 49 
205 I 2 I 48 
210 I 2 I 46 

I I 
215 I 3 I 44 
220 I 3 I 41 
225 I <1 I 38 
230 I 1 I 34 
235 I 2 I 33 

I I 
2 4 '~ I 2 I 31 
245 I 1 I 29 
2S~ I 1 I 28 
7.55 I 1 I 27 
21)0 I 2 I 26 

I I 
?.tiS I 1 I 24 
7.70 I ?. I 23 
?.80 I 2 I 21 
30~ I ?. I 19 
105 I 7. I 17 

I I 
110 I 2 I 15 
115 I 1 I 13 
325 I 1 I 12 
:nn I 1 11 
3110 I 1 Hl 

I 
37" I 1 9 
J30 I l 8 
4 ~Hl I 1 7 
4Ul I 2 6 
435 I 1 4 

I 
4 50 I 1 3 
545 I 1 2 
f)(i5 I 1 1 

----------------------------------------.------------------



APPENDIX F 

METERED SEED SPACING DATA 

F-1 DATA FOR METERED 'rEST D12-4 -(j. 5 

F-?. Dl\TA FOR METERED TEST D12-4-1.0 

F-1 DA'rA FOR MF.TERED TEST D12-4-2.0 

F-4 DATA FOR METERED TEST Dl2-4-3.0 

F-5 DATA FOR METERED TEST D12-3-0.5 

F-() DA'l'A FOR METERED TEST Dl2-3-1.0 

F'-7 DATA FOR f'1ETERED TEST D12-3-2.0 

F-3 DATA r'OR ME'rERED TEST D12-3-3.0 

F-9 DATA FOR Ml~TERED TEST D12-2-0.5 

F-1<1 DATJ\ FOR 1'1ETERED TEST D12-2-1. '1 
F-11 DATA FOR METERED TEST D12-2-2. (1 

F-12 DATA FOR METERED TEST D12-2-3.0 

F-13 DATA FOR METERED TEST D12-2-4." 

F-14 DI\TA FOR METERED TEST Dl2-2-5.0 

F-lS DA rrr .. FOR METERED TEST D12-l-:-0·. 5 

F-1f1 0.1\ TA FOR METERED TEST Dl2-l-1.0 

F-17 D/\'rA FOR METERED TEST Dl2-1-2.0 

F-U~ DATA FOR METERED TEST D12-1-3.rl 

F-19 DATA FOR METERED TEST C12-2-0. 5 

F-20 DATJ\ FOR METERED 'l'EST C12-2-3. 0 

F-21 DATA FOR METERED TES'l' Al2-2-0. 5 

202 



TEST CODE DEFINITIONS 

Example Code: WX-Y-Z 

w - seed ·rypc 

A-lettuce 

B-cucumber 

C-tomato 

D-cabbag e 

X - Desired Seed Spacing (mm) 

Y - Gel/Seed Ratio (rnl/seed) 

l, 2, 3 or 4 

z - Metering Rate (seeri/sec) 

rL 5, 1, 2, 3, 4 or 5 

203 
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APPENDIX F-1 

SEED SPACING NUMBER OF SPACES NUMBER OF SPACES 
X (mm) EQUAL TO X GREATER THAN X 

--------~-------+--------------------+---------------------
5 I 2 144 

15 I 1 143 
85 I 1 142 

100 I 4 141 
105 I 8 137 

I 
110 I 1() 129 
115 I 31 113 
1?.0 I 51 82 
1?.5 I 10 31 
11!1 I 5 21 

I 
115 I l 1(} 
Hn I l 15 
15(-l ' l 14 
?.lS I l 13 
220 I 1 12 

I 
225 I 1 11 
230 I 3 10 
235 

' 
3 7 

240 I 1 4 
345 I 1 3 

I 
355 I 1 2 
360 I 1 1 
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APPENDIX F-2 

SEED SPACING NUMBER OF SPACES NUMBER OF SPACES 
X (rnm) EQUAL TO X GREATER THAN X 

----------------+--------------------+---------------------
I) 7 I 370 

10 2 I 3 63 
20 2 I 361 
2') 1 I 359 
:1 (1 1 I 358 

I 
15 t I 3 57 
50 2 I 356 
55 1 I 354 
I) (1 2 I 3 53 
(j5 2 I 351 

I 
70 3 I 349 
75 7 I 346 
80 16 I 339 
85 !3 I 323 
9 rj 24 I 315 

I 
95 22 I 291 

1 ,, (1 34 I 269 
105 41 I 235 
110 4 (1 I 191\ 
115 29 I 154 

I 
12(1 4(j I 125 
1~1) 15 I 79 
l 1 (i 14 I ()4 

13'1 11 I 50 
t t1 Cl (j I 39 

I 
145 1 I 33 
150 2 I 32 
155 1 I 30 
180 1 I 29 
185 2 I 28 

-----------------------------------------------------------



SEED SPACING 
X (mm) 

APPENDIX F-2 (Continued) 

NUMBER OF SPACES 
EQUAL ·ro X 

NUMBER OF SPACES 
GREATER THAN X 

20G 

----------------+--------------------+---------------------
200 1 26 
2()5 .2 25 
215 2 23 
220 1 21 
225 5 2" 

230 3 15 
235 l 12 
240 1 11 
245 l 10 
/.55 2 9 

?.f.i0 l 7 
2 7(j l n 
275 1 5 
~90 l 4 
lUl 1 3 

lS5 1 2 
V>0 l 1 
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APPENDIX F-3 

-----------------------------------------------------------
SEED SPACING NUMBER OF SPACES NUMBER OF SPACES 

X (mm) EQUAL TO X GREATER THAN X 
----------------+--------------------+---------------------

5 I 1 316 
1~ I 1 315 
15 l 1 314 
20 I 1 313 
25 I 3 312 

I 
10 I 1 309 
35 I 2 308 
40 I 1 306 
50 I 1 305 
5S I 3 304 

I 
60 I 2 301 
()5 I 2 299 
70 I 7 297 
75 I 8 290 
80 I 11 282 

I 
85 I 11 271 
9\1 I 14• 260 
95 I 14 246 

100 l 12 I 232 
1!:15 I 15 I 220 

I l 
11[1 I 18 I 205 
ll5 I 11 I 187 
120 I 1.9 I 176 
l2S l 19 I 157 
ll0 I 19 I 138 

l I 
115 . l 19 I 119 
140 I 21 I 1(10 
1'15 1 I) I 77 
1 s (1 I R· l 71 
lSS I 7 I 63 

l I 
l(i0 l 1 I 56 
165 l 1\ l 52 
170 I 4 I 48 
175 I 1 I 44 
180 l 2 l 43 

-----------------------------------------------------------
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APPENDIX F-1 (Continued) 

SEED SPACING NUMBER OF SPACES NUMBER OF SPACES 
X (mm) EQUAL TO X GREATER THAN X 

----------------+--------------------+---------------------
185 4 41 
190 1 3 7 
195 2 36 
205 2 34 
2U1 2 32 

215 1 30 
220 3 29 
225 2 211 
230 2 24 
235 2 22 

24" 2 20 
::>.115 ?. 18 
250 2 1G 
255 1 14 
?.I) n l 13 

?.fi5 2 12 
275 4 10 
2 8(1 1 n 
?.90 l 5 
100 1 4 

320 2 3 
385 1 1 
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APPENDIX F-4 

SEED SPACING NUMBER OF SPACES NUMBER OF SPACES 
X (mm) EQUhL TO X GREATER THAN X 

----------------+--------------------+---------------------
5 

10 
15 
20 
25 

30 
35 
tl0 
1\5 
50 

55 
r,o 
()5 

70 
75 

80 
85 
90 

UH' 
H15 

110 
115 
120 
12S 
130 

135 
l4rl 
1115 
1.50 
l ') 'i 

Hirl 
l f) 5 
17(} 
175 
18{) 

I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

3 
l 
1 
3 
1 

5 
2 
5 
2 
tl 

1 
U1 

4 
5 
4 

13 
9 

13 
8 
9 

11 
11 
19 

9 
15 

lC1 
s 
5 
7 

t) 

1 
9 
3 
h 

311 
308 
307 
306 
303 

302 
297 
295 
290 
288 

284 
280 
270 
266 
2 60 

256 
243 
2 34 
208 
200 

191 
180 
1ns 
149 
140 

125 
115 
110 
105 

98 

93 
87 
84 
75 
67 



SEED SPACING 
X {mm) 

APPENDIX F-4 (Continued) 

NUMBER OF SPACES 
EQUAL TO X 

NUMBER OF SPACES 
GREATER THAN X 

210 

----------------+--------------------+---------------------
185 I 2 I 61 
190 I ~ I 59 
195 I ~ I 55 
2 r~ s I 1 I 51 
210 I 5 I 50 

I I 
215 I 4 I 45 
220 I . 'i I 41 
225 I 3 I . 35 
230 I 4 I 32 
235 I 2 I 28 

I I 
240 I 5 l 26 
245 I 1 I 21 
255 I 1 I 20 
2h0 I 1 I 19 
270 I 2 I 18 

I I 
28CJ I 1 I 16 
285 I 2 I 15 
300 I 1 I 13 
110 I 1 I 10 
385 I 1 I 9 

I I 
400 I 1 I 8 
4V'5 I l I 5 
410 I 1 I 4 
420 I 1 I 3 
4Jo I 1 I 2 

I I 
515 I 1 I 1 
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APPENDIX F-5 

SEED SPACING NUMBER OF SPACES NUMBER OF SPACES 
X (mm) 'EQUAL TO X GREATER THAN X 

----------------+--------------------+---------------------
5 4 I 162 

80 1 I 158 
85 1 I 157 
90 1 I 156 
91) 9 I 155 

I 
100 II I 141) 
H15 15 I 142 
11,~ 22 I 127 
115 24 I 107 
l?.C1 2/. I 83 

I 
1?.5 19 I 1)1 
110 15 I 42 
135 2 I 27 
140 1 I 25 
145 1 I 24 

I 
195 1 I 23 
205 1 I 22 
220 1 I 21 
230 3 I 20 
235 1 I 17 

I 
240 4 I 16 
245 4 I 12 
250 3 I 8 
255 1 I 5 
2i)(J 1 I 4 

I 
)()0 1 I 3 
t1r)5 1 I 2 
490 1 I 1 

-------------------------------------------~---------------



SEED SPACING 
X (mm) 

APPENDIX F-r) 

NUMBER OF SPACES 
EQUAL TO X 

NUMBER OF SPACES 
GREATER '!'HAN X 

212 

----------------+--------------------+---------------------
5 8 346 

10 9 338 
15 3 329 
20 3 3211 
3~ 1 323 

35 1 322 
45 1 321 
55 1 320 
60 1 319 
75 2 3.18 

8(J I) 316 
85 2 310 
9 (1 7 308 
9'1 9 301 

1 '1 n 14 292 

U15 20 278 
110 28 258 
115 40 230 
120 43 190 
1?.5 13 147 

110 34 114 
115 16 80 
140 5 1)4 

145 9 59 
150 2 50 

160 l 48 
165 1 47 
170 1 46 
130 1 45 
190 1 44 

195 2 43 
205 1 41 
2H.l 2 40 
215 2 38 
220 1 36 



St~ED SPACING 
X (mm) 

APPENDIX F-6 (Continued) 

NUMBER OF SPACES 
EQU.l\L TO X 

NUMBER OF SPACES 
GREATER THAN X 

213 

----------------+--------------------+---------------------
225 
230 
235 
240 
245 

250 
21i5 
27') 
?.95 
105 

315 
145 
l so 
17(1 
180 

385 
435 
485 
555 

I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
'I 
I 
I 
I 

1 
5 
It 
4 
6 

l 
1 
1. 
2 
l 

l 
l 
l 
l 
1 

l 
l 
l 
1 

I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

35 
34 
29 
25 
21 

15 
14 
13 
12 
10 

9 
8 
7 
li 
5 

4 
3 
2 
1 
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APPENDIX F-7 

-----------------------------------------------------------
f>EED SPl\C I~G NUMBER OF SPACES NUMBER OF SPACES 

X (rom) EQUAL TO X GREATER 'I' HAN X 
----------------+--------------------+---------------------

c:; I t:; 123 
1.0 I " 117 
lS I ?. 313 
?.0 I .1 311 
?.5 I 3 308 

I 
10 I 1 305 
15 I 1 304 
50 I 2 303 
1)5 I 1 301 
75 I 3 300 

I 
80 I 5 2 97 
85 I 9 292 
9(1 I 12 283 
95 I 8 271 

1 CH~ I ?.0 263 
I 

105 I 17 243 
110 I 27 226 
115 I 19 199 
120 

' 
29 18Cl 

125 I 30 151 
I 

11 c' I 211 121 
115 ' 11 101 
140 I 7 88 
l.t1S I 7 81 
150 I 9 74 

' 155 I 7 65 
l()Vl I 5 58 
lG5 I 1 53 
1 '/0 I 2 52 
175 I 4 5 rJ 

I 
l 9 ~' I 1 46 
195 I 3 45 
/.0~ I ?. 42 
205 I 1 40 
2HJ I 1 39 



SEED SPACING 
X (mm} 

APPENDIX F-7 (Continued) 

NUMBER OF SPACES 
EQUAL TO X 

NUMBER OF SPACES 
GREATER THAN X 

215 

----------------+--------------------+---------------------
215 
22a 
225 
230 
235 

24VJ 
255 
2h0 
265 
285 

295 
100 
110 
14S 
11)5 

170 
l8C1 
405 
520 

I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

1 
4 
5 
4 
4 

4 
1 
1 
2 
2 

l 
1 
1 
1. 
2 

t 
1 
1 
1 

I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

38 
37 
33 
28 
24 

20 
16 
15 
14 
12 

10 
9 
8 
7 
6 

4 
3 
2 
1 
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APPENDIX r'-0 

SEED SPACING NUJVIBER OF SPACES NUMBER OF SPACES 
X (mm) EQUl\L TO X GREATER THAN X 

----------------+--------------------+---------------------
5 9 I 331 

H1 4 I 322 
1.5 -1 I 318 
?.rl 4 I 314 
25 l I 310 

I 
lr;, ,, I) I 307 
15 3 I 301 
40 5 I 293 
1\'1 7 I 293 
5vl 4 I 28'1 

I 
5 ,. 

) 4 I 282 
riO 4 I 278 
fi5 fi I 274 
70 5 I 2()8 
75 4 I 263 

I 
80 n I 259 
85 4 I 2 51 
9(J 7 I 247 
95 8 I 240 

1 (10 5 I 232 
I 

J.(l5 4 I 228 
llCJ 7 I 224 
1lS 9 I 217 
12{~ 8 I 208 
l~S 1\ I 2 !10 

I 
1 -l0 l.ll I 19!) 
l -l'i 4 I 1 8 e; 
1.110 lr.? I 182 
lllS lj I 172 
150 11 I 166 

I 
lSS 7 I 155 
1 G 0 3 - I 148 
1 r; ~) 4 I 14 (j 
170 f3 I 136 
lHO 7 I 122 

------------------------------------------------------------
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APPENDIX F-B (Continued) 

SEED SPACING NUMBER OF, SPACES NUMBER OF SPACES 
X (mm) EQUAL ·ro X GREATER THAN X · 

----------------+--------------------+----------------~----
185 
190 
195 
20rJ 
205 

210 
215 
220 
225 
230 

235 
?40 
245 
250 
?.S5 

71J(J 
?.G5 
270 
275 
280 

235 
295 
300 
305 
3 UJ 

315 
3 2 (' 
330 
335 
340 

3 sri 
355 
360 
3fHJ 
1')(J 

7 
8 
4 
4 
(} 

5 
5 
5 
2 
e; 

2 
2 
3 
9 
3 

1 
l 
l 
2 
2 

3 
2 
6 
1 
3 

1 
1 
1 
1 
2 

1 
1 
2 
l 
1 

I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

115 
108 
100 

96 
92 

8i'i 
81 
7G 
71 
69 

63 
61 
59 
56 
47 

44 
43 
42 
11 
39 

37 
34 
32 
26 
25 

22 
21 
20 
19 
18 

16 
15 
14 
12 
11 

-----------------------------------------------------------



SEED SPACING 
X (mm) 

APPENDIX F-8 (Continued) 

NUMBER OF SPACES 
EQUAL TO X 

NUMBER OF SPACES 
GREATER THAN X 

218 

----------------+--------------------+--------------------~ 
47.0 I l I UJ 
430 I 1 I 9 
435 I 1 I 8 
tl45 I l I 7 
t1G0 I l I n 

I I 
1\1)5 I 1 I s 
'120 I 1 I 4 
nlO I 1 I 3 
r;sn I l I 2 

124 5 I l I 1 

r 
·' ., 
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APPENDIX F-9 

SEED SPACING NUMBER OF SPACES NUMBER OF SPACES 
X (mm) EQUAL TO X GREATER THAN X 

----------------+------------~-------+---------------------
5 I Hl I 181 

lCl I 5 I 171 
85 I l I l fiG 
95 I l I 165 

lCHl I 2 I 164 
I I 

105 I 11 I 162 
11.0 I 29 I 151 
115 I 44 I 122 
120 I 41 I 78 
125 I 22 I 37 

I I 
130 I 6 I 15 
135 I 1 I 9 
2 2 ~' I 1 I 8 
210 I 1 I 7 
?.35 I l I () 

I I 
?. 1\ (1 I 1 I 5 
?.45 I 1 I 4 
350 I 2 I 3 
1\40 I l I l 

-----------------------------------------------------------
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APPENDIX F-10 

-----------------------------------------------------------
SEED SPACING NUMBER OF SPACES NUMBER OF SPACES 

X (mm) EQUAL TO X GREATER THAN X 

----------------+--------------------+---------------------
5 I 1(1 I 3(j4 

10 I 9 I 3 54 
15 I 5 I 345 
20 I 1 I 340 
25 I 1 I 339 

I I 
70 I l I 338 
A r~ I 1 I 337 
85 I 3 I 3 3 6,_ 
90 I 3 I 333 
95 I 7 I 330 

I I 
l CHI I 21 I 323 
105 I 35 I 302 
1 u' I 44 I 267 
115 I 51 I 223 
12(l I 68 I 172 

I I 
125 I 42 I 104 
130 I 19 I 62 
135 I 11 I 43 
140 I 7 I 32 
145 I 2 I 25 

I I 
150 I (-j I 23 
155 I 1 I 17 
1()5 I 1 I u; 
;).(H:l I 1 I 15 
7..10 I 1 I 14 

I I 
?.25 I 2 I 13 
230 I 2 I 11 
?.:15 I ?. I 9 
?.r10 I 4 I 7 
?.45 I l I 3 

I I 
?.S5 I l I 2 
]40 I l I 1 

-----------------------------------------------------------



SEED SPACING 
X (mm) 

APPENDIX F-11 

NUMBER OF SPACES 
EQUAL TO X 

NUMBER OF SPACES 
GREATER THAN X 

221 

----------------+--------------------+---------------------
5 I 2 I 383 

10 I 5 I 381 
15 I 3 I 37n 
20 I 4 I 373 
35 I l I 369 

I I 
40 I 2 I 368 
55 1 I 366 
GU 1 I 365 
65 . 2 I 364 
70 1 I 362 

I 
75 3 361 
80 4 358 
85 6 3 54 
9{1 21 348 
95 20 327 

100 15 307 
105 10 292 
lH1 37 262 
115 3?. 225 
120 44 193 

l2S 10 149 
110 Vi 119 
135 12 83 
1110 1!3 71 
145 12 53 

150 r, 41 
155 4 35 
160 3 31 
165 2 28 
l'Nl 1 26 

175 1 23 
180 1 22 
210 1 21 
215 4 20 
23" 3 16 



SEED SPACING 
X (mm) 

APPENDIX F-11 (Continued) 

NUMBER OF SPACES 
EQUAL TO X 

NUMBER OF SPACES 
GREATER THAN X 

222 

----------------+--------------------+---------------------
235 I 1 I 13 
24 o I 4 I 12 
245 I 2 I a 
250 I 2 I 6 
255 I 1 I 4 

I I 
:?.nfl I 1 I 3 
2n5 I 1 I 2 
120 I l I 1 



SEED SPACING 
X (mm) 

----------

APPENDIX F-12 

NUMBER OF SPACES 
EQU.l\L TO X 

NUMBER OF SPACES 
GREATER THAN X 

223 

----------------+-------------~------+---------------------
5 I 1 I 4n9 

1 ~ I 1 I 4 68 
1'1 I 1 I 4o7 
?.A I 3 466 
25 I 1 463 

I 
30 l 3 460 
15 I 1 457 
40 I 4 456 
4 5 I 6 4 52 
50 7 446 

55 3 439 
60 9 436 
fi5 2 427 
70 12 425 
75 12 413 

80 17 401 
85 12 384 
90 20 I 37?. 
95 .17 I 3 52 

100 21 I 335 
I 

105 /.3 I 314 
1 Hl 28 I 291 
1.15 14 I ?. 63 
1?.0 32 I 249 
1.25 18 I 217 

I 
130 25 I 199 
135 20 I 174 
1.40 22 I 154 
145 9 I 132 
15[.' 21 I 123 

I 
155 13 I 102 
1()0 ll I 89 
165 5 I 78 
170 6 I 73 
175 5 I 67 
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APPENDIX F-12 (Continued) 

-----------------------------------------------------------
SEED SPACING 

X (nun) 
NUMBER OF SPACES 

EQUAL 'rO X 
NUMBER OF SPACES 

GREATER THAN X 
----------------+--------------------+---------------------

l8~J 7 I 62 
185 4 I 55 
190 1 I 51 
195 5 I 50 
2 (1" 3 I 45 

I 
205 1 I 42 
21.0 4 I 41 
?.15 4 I 37 
/.20 1 I 33 
225 2 I 32 

I 
?. ) ~' 4 I 3Cl 
:>.l"i l I 2n 
:>.t1n l I ~5 
?.t1S 1 I 22 
:>. 5 (j l I 21 

I 
?.'15 l I 20 
?.'10 l I 19 
:>.GS l. 18 
?. 7 (l 1 17 
275 :>. lG 

2R('l 3 14 
2 8 ~) 1 11 
29\J 1 10 
295 2 9 
3 CHJ 2 7 

305 1 5 
3~0 1 4. 
3 ,) 5 l 3 
39 ,, 1 2 
5 5Cl 1 1 

-----------------------------------------------------------
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APPENDIX F-13 

SEED SPACING NUMBER OF SPACES NUMBER OF SPACES 
X (mm) EQUAL TO X GREATER THAN X 

----------------+--------------------+---------------------
10 I ?. I 501 
1S I 4 I 499 
20 I . 3 I 495 
2S I 5 I 492 
3A I 2 I 487 

I 
35 3 485 
4 (' 5 482 
t15 1 477 
50 9 476 
55 7 467 

6n 7 460 
()5 5 4 53 
70 10 448 
75 14 438 
80 19 424 

8S 18 405 
90 t2 387 
95 20 375 

1(10 18 355 
105 20 337 

110 20 317 
115 21 297 
1?.0 11 276 
125 ln 245 
130 29 229 

135 17 200 
l-10 12 183 
145 10 I. 171 
15(1 ?.1 I 1 Gl 
155 9 I 140 

I 
l6n 11 I 131 
11~5 8 I 120 
1 7CJ 16 I 112 
175 7 I 96 
.UHl 8 I 99 

-----------------------------------------------------------



SEED SPACING 
X (mm) 

APPENDIX F-13 (Continued) 

NUMBER OF SPACES 
EQUAL TO X 

NUMBER OF SPACES 
GREATER THAN X 

226 

----------------+--------------------+---------------------
185 I n I 91 
190 7 I s 5 
195 4 I 78 
200 10 I 74 
205 7 I 64 

210 1 57 
220 5 56 
230 () 51 
235 5 45 
240 1\ 40 

?.15 1 36 
250 4 35 
255 5 31 
7.110 3 2fl 
2\15 2 23 

?70 1 I 21 
275 1 I 20 
2 BvJ 1 I 19 
~B'> 2 I 18 
2 9~l 2 I 16 

I 
295 2 I 14 
3 0vJ 2 I 12 
3Ul 1 I 10 
3 2vJ 2 I 9 
325 1 I 7 

I 
335 1 I 6 
350 1 I 5 
430 1 I 4 
460 1 I 3 
485 1 I 2 

I 
585 1 I 1 
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APPENDIX F-14 

-----------------------------------------------------------
SEED SPACING NUMBER OF SPACES NUMBER OF SPACES 

X (mm) EQUAL TO X GREATER THAN X 
----------------+--------------------+---------------------

5 3 522 
10 1 519 
15 2 518 
?.0 8 51n 
25 8 508 

30 h 500 
35 3 494 
40 l 491 
Ill) 7 488 
5 (' •11 4 81 

55 U1 4 70 
6 (1 14 460 
65 9 446 
70 15 4 57 
75 10 432 

80 13 422 
85 10 409 
90 16 399 
95 11 383 

H:l0 22 372 

105 10 3 50 
110 14 340 
115 12 326 
12Vl ?.1 314 
125 14 293 

110 21 279 
135 12 258 
1110 15 246 
145 () 231 
150 17 225 

15S 5 208 
111n 15 203 
Hi5 9 188 
170 13 179 
175 9 166 

-----------------------------------------------------------



SEED SPl\CING 
X (mm) 

~PPENDIX F-14 (Continued) 

NUMBER OF SPACES 
EQUAL TO X 

NUMBER OF SPACES 
GREATER THAN X 
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----------------+--------------------+---------------------
180 17 157 
185 9 140 
190 13 131 
195 } 118 
200 5 115 

205 4 110 
210 10 106 
215 1 96 
210 7 95 
225 6 88 

230 2 82 
235 2 80 
240 () 78 
245 5 72 
2 5(1 7 F,7 

255 , 60 
2110 6 58 
2(.)5 2 52 
270 5 50 
275 5 I 50 

I 
230 2 I 45 
?.85 1 I 43 
290 1 I 42 
300 2 I 41 
3"5 4 I 39 

I 
310 5 I 35 
320 3 I 30 
325 2 I 27 
340 2 I 25 

I 
350 1 I 23 
355 1 I 22 
360 3 I 21 
365 1 I 18· 
37n 2 I 17 
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APPENDIX F-14 (Continued) 

SEED SPACING NUMBER OF SPACES NUMBER OF SPACES 
X (rnrn) EQUAL TO X GREATER THAN X 

----------------+--------------------+---------------------
180 I l I 15 
385 I 2 I 14 
190 I 7. I 12 
1 ~l s I 1 I 1 a 
4tl0 I 1 I 9 

I I 
tlGS I l I 8 
ll7n I l I 7 
11nq I l I I) 

ll91l I ?. I 5 
r; r1 s I l I l 

I I 
SlS I l I 2 
St15 I 1 I 1 
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APPENDIX F-15 

SEED SPACING NUMBER OF SPACES NUMBER OF SPACES 
X (mm) EQUAL TO X GREATER THAN X 

----------------+--------------------+---------------------
I) I 17 19'5 

10 I 8 179 
95 I 1 171 

100 I 8 170 
Hl5 I 10 162 

I 
11(1 I 29 152 
115 I 38 123 
12 C1 I 46 85 
125 I 19 39 
130 I 11 20 

I 
14'J I 1 9 
2/.5 I 1 8 
235 I 2 7 

' 240 I 3 5 
245 I 1 2 

I 
345 I 1 1 



SEED SPACING 
X (mm) 

APPENDIX F-1G 

NUMBER OF SPACES 
EQUAL TO X 

NUMBER OF SPACES 
GREATER THAN X 

231 

----------------+--------------------+---------------------
5 12 355 

10 10 343 
15 () 333 
2'1 3 327 
25 4 322 

30 l 318 
c;0 1 317 
70 1 316 
75 2 315 
R0 2 313 

90 1 . 311 
100 13 308 
105 21 295 
l Hl 50 274 
115 50 224 

120 !11 174 
125 26 113 
130 27 87 
135 8 60 
14 'J HJ 52 

145 4 42 
15(1 2 38 
155 1 36 
1 t1r1 1 35 
170 1 34 

175 l 33 
2(.10 2 32 
205 1 30 
210 3 29 
220 1 26 

2?.5 3 25 
210 2 22 
?.35 1 20 
?.110 2 19 
?.45 2 17 



SEED SPACING 
X (rom) 

APPENDIX F-1~ (Continued) 

NUMBER OF SPACES 
EQUAL TO X 

NUMBER OF SPACES 
GREATER THAN X 

232 

----------------+--------------------+---------------------
2 ss I 1 I 15 
2 r-;a I 1 I 14 
2()5 I 1 I 13 
27Cl I 1 I 12 
230 I 1 I 11 

I I 
330 I 2 I 10 
360 I 2 I 7 
3G5 I 2 I 5 
4 srJ 1 2 I 3 
69G3 I 1 I 1 
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APPENDIX F-17 

-----------------------------------------------------------
SEED SPACING NUMBER OF SPACES NUMBER OF SPACES 

X (mm) EQUAL TO X GREATER THAN X 
----------------+---------------~----+---------------------

5 
1H 
15 
20 
25 

30 
35 
40 
45 
50 

1)5 
(,(1 
'15 
75 
80 

85 
90 
95 

1n0 
105 

110 
115 
120 
125 
130 

135 
140 
145 
150 
155 

Hi0 
165 
170 
180 
185 

I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

3 
3 
4 
3 
4 

4 
3 
1 
1 
3 

~· 

4 
2 
4 

UJ 

14 
17 
15 
23 
22 

41 
25 
37 
24 
29 

18 
15 

8 
8 
4 

4 
4 
?. 
2 
2 

388 
385 
382 
378 
375 

371 
367 
364 
363 
362 

359 
357 
353 
3 51 
347 

337 
323 
306 
291 
268 

24e) 
205 
180 
143 
119 

9 () 
72 
57 
49 
41 

37 
33 
29 
27 
25 

-----------------------------------------------------------



SEED SPACING 
X (mm) 

APPENDIX F-17 (Continued) 

NUMBER OF SPACES 
EQUAL TO X 

NUMBER OF SPACES 
GREATER THAN X 
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----------------+----------------~---+---------------------
190 
200 
205 
210 
?.20 

?.2') 
2 ](1 

235 
240 
2-15 

2 50 
255 
280 
290 
305 

310 

I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

1 
3 
2 
1 
2 

1 
2 
1 
3 
1 

1 
1 
1 
1 
1 

1 

I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

23 
22 
19 
17 
16 

14 
13 
11 
10 

7 

6 
5 
4 
3 
2 

1 
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APPENDIX F-18 

-----------------------------------------------------------
SEED SPACING NUMBER OF SPACES NUMBER OF SPACES 

X (mm) EQU?\L TO X GREATER THAN X 
----------------+-----------~--------+---------------------

5 I 5 4 88 
10 I 2 483 
15 I 1 481 
2 ~J I 5 480 
25 I 5 475 

I 
30 I 9 4 70 
35 I 4 4 61 
40 I 5 4 57 
45 I 5 4 52 
50 I 12 I 447 

I I 
55 I 5 I 435 
60 I 8 I 430 
?)I) I 11 I 422 
70 I 12 I 411 
75 I 17 I 399 

l I 
80 I ltl I 382 
85 I 9 I 368. 
90 I 17 I 359 
95 I 21 I 342 

HJ0 I 24 I 321 
I I 

105 I 13 I 297 
110 I 18 I 284 
1.15 I 18 I 266 
12,1 I 35 I 248 
1?.5 I 22 I 213 

I I 
130 I 23 I 191 
135 I 23 I 168 
1 '1 ~J I 19 I 145 
145 I 6 I 126 
15~J I 8 I 120 

I I 
lGO I 17 I Hl2 
165 I 11 I 85 
170 I 7 I 74 
175 I 4 I 67 
180 I () I fi3 

---------------------------------------------------------~-



SEED SPACING 
X (mm) 

APPENDIX F-18 (Continued} 

NUMBER OF SPACES 
EQUAL TO X 

NUMBER OF SPACES 
GREATER THAN X 

236 

----------------+--------------------+---------------------
185 
190 
195 
200 
?.ns 

?. H'J 
215 
220 
225 
?.10 

235 
240 
215 
2 5(, 
255 

260 
280 
295 
310 
340 

345 
3 5Cl 
1110 

I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

7 
4 
1 
4 
5 

?. 
4 
5 
'3 
1 

2 
3 
1 
2 
3 

2 
2 
1 
1 
1 

1 
1 
l 

I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

57 
50 
46 
45 
41 

3(-i 
34 
30 
25 
22 

21 
19 
16 
15 
13 

10 
8 
6 
5 
4 

3 
2 
1 
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APPENDIX F-19 

SEED SPACING NUMBER OF SPACES NUMBER OF SPACES 
X {mm) EQUAL TO X GREATER THAN X 

----------------+--------------------+---------------------
5 

10 
15 
25 
55 

no 
115 
80 
85 
90 

95 
100 
1.05 
110 
11.1) 

1?.0 
1.25 
130 
11S 
140 

145 
150 
155 
UiO 
HiS 

21C} 
215 
22(1 
225 
230 

235 
240 
2-15 
25C? 
255 

I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

5 
1 
2 
1 
1 

2 
1 
3 
2 
3 

2 
5 
5 
8 

12 

9 
8 
9 
2 
2 

4 
?. 
2 
1 
1 

3 
1 
1 
3 
3 

2 
4 
1 
2 
1 

I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

126 
121 
120 
118 
117 

116 
114 
113 
110 
108 

105 
103 

98 
93 
85 

73 
64 
56 
47 
45 

43 
39 
37 
35 
34 

33 
30 
29 
28 
25 

22 
20 
16 
15 
13 
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APPENDIX F-19 (Continued) 

SEED SPACING NUMBER OF SPACES NUMBER OF SPACES 
X (mm) EQUAL TO X GREATER THAN X 

----------------+--------------------+---------------------
2()" 1 I 12 
2n5 1 1 11 
27Cl 1 I 1 o 
275 1 I 9 
2 95 1 I 8 

I 
110 1 I 7 
155 2 I 6 
311CJ 1 I 4 
lGS l I 3 
330 1 I 2 

I 
585 1 I 1 
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APPENDIX F-20 

-----------------------------------------------------------
SEED SPACING NUMBER OF SPACES NUMBER OF SPACES 

X (mm) EQUAL TO X GREATER THAN X 
----------------+--------------------+---------------------

5 I 3 I 154 
l o I 4 I 151 
15 I 2 I . 147 
7.'J I 4 145 
25 I 1 141 

I 
30 2 140 
35 1 . 138 
4 ~J 2 137 
50 1 135 
55 1 134 

()5 1 133 
70 2 132 
75 2 130 
85 3 128 
9 (1 3 125 

105 1 122 
110 3 121 
115 3 118 
120 4 115. 
1?.5 1 I 111 

I 
13'.1 l I 110 
1lS 3 I 109 
145 2 I 106 
150 1 I 104 
155 2 I 103 

I 
160 3 I 101 
165 6 I 98 
170 1 I 92 
175 3 I 91 
180 1 I 88 

I 
185 1 I 87 
190 1 I 86 
200 2 I 85 
205 1 I 83 
210 2 I 82 

-----------------------------------------------------------
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APPENDIX F-20 (Continued) 

-----------------------------------------------------------
SEED SPACING 

X (mm) 
NUMBER OF SPACES 

EQUAL TO X 
NUMBER OF SPACES 

GREATER THAN X 
----------------+--------------------+---------------------

215 
220 
225 
235 
2 4f1 

2 5" 
255 
?.~0 

2'15 
?. 7 (J 

27S 
285 
29r1 
295 
::wo 

305 
310 
315 
320 
325 

335 
340 
350 
355 
360 

Vi5 
370 
375 
380 
185 

195 
405 
425 
435 
4/lS 

4 
1 
1 
1 
3 

1 
?. 
?. 
l 
?. 

l 
2 
l 
l 
2 

1 
l 
1 
2 
l 

3 
1 
2 
1 
2 

1 
1 
1 
1 
J 

l 
l 
1 
1 
l 

I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
•I 

I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

80 
76 
75 
74 
73 

70 
G9 
()7 

65 
64 

62 
61 
59 
58 
57 

55 
54 
53 
52 
50 

49 
46 
45 
43 
42 

40 
39 
38 
37 
36 

3] 
32 
31 
30 
29 

-----------------------------------------------------------



SEED SPACING 
X · (mm) 

APPENDIX F-20 (Continued) 

NUMBER OF SPACES 
EQUAL TO X 

NUMBER OF SPACES 
GREATER THAN X 

241 

----------------+----------~---------+---------------------
4 so I 1 I 28 
4G5 I 2 I 27 
4 75 I 1 I 2 5 
4 80 I l I 2 4 
495 I 1 I 23 

I I 
520 I 1 I 22 
535 I 1 I 21 
540 I 1 20 
550 2 19 
015 1 17 

630 
68(, 
700 
705 
750 

875 
915 
960 
970 
975 

1050 
10(.)(1 

. 1070 
1.?.?.5 
lli10 

1 
1 
1 
1 
2 

1 
1 
1 
1 
1 

1 
1 
1 
l 
1 

16 
15 
14 
13 
12 

10 
9 
8 
7 
(i 

5 
4 
3 
2 
1 



SEED SPACING 
X (mm) 

APPENDIX F,...21 

NUMBER OF SPACES 
EQUAL TO X 

NUMBER OF SPACES 
GREATER THAN X 

242 

----------------+--------------------+---------------------
5 

10 
15 
25 
55 

60 
75 
90 
95 

100 

lOS 
llfl 
115 
l?.O 
125 

110 
115 
14 (1 

145 
150 

lf10 
HiS 
200 
2 vl 5 
2 2 ~.J 

225 
230 
235 
240 
2ll5 

?.50 
2()0 
?.()5 
275 
280 

I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

10 
2 
1 
1 
2 

1 
1 
1 
2 
5 

5 
h 
5 
h 
3 

5 
3 
3 
1 
2 

1 
2 
2 
1 
1 

2 
1 
l 
1 
1 

2 
2 
1 
l 
1 

I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

106 
96 
94 
93 
92 

90 
89 
88 
87 
85 

80 
75 
()9 
G4 
58 

55 
50 
47 
44 
43 

41 
40 
38 
36 
35 

34 
32 
31 
30 
29 

28 
26 
24 
23 
22 
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APPENDIX F-21 (Continued) 

SEED SPACING NUMBER or, SPACES NUMBER OF SPACES 
X (mm) EQUAL TO X GREATER THAN X 

-----~----------+--------------------+---------------------
285• I l 21 
295 I 1 20 
305 I 1 19 
~1n ' 1 18 
320 I 1 17 

I 
1~5 I 1 16 
350 I 1 15 
370 I 1 14 
405 I 1 13 
420 I 1 12 

I 
440 I 2 11 
445 I 1 9 
4 SCJ I 1 8 
475 I 1 7 
495 I 1 6 

I 
535 I 1 5 
540 I 1 4 
710 I 1 3 

1240 I 1 2 
1280 I 1 1 

-----------------------------------------------------------
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