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ABSTRACT 

A pneumatic harvesting method for jojoba seed was investigated. 

By constructing a stationary experimental unit, the motion of jojoba 

seeds and stones, which were close in size and weight to seeds, were 

examined under the effect of positive, negative, and a combination 

of both pressures. 

It was determined that there was a reasonable difference in the 

motion depending upon test conditions and head design. A vacuum head 

was designed based on the observations and data obtained from the 

experiments. Using this head it was possible to pick up jojoba seed 

without picking up stones. 

A nonstationary unit was constructed to examine the effect of 

ground speed on picking efficiency. Results showed that a cleaner 

harvest using a normal ground speed can be obtained with the new head 

than with conventional equipment. A blowing head was added to windrow 

seeds and increase the capacity of the machine. It was determined that 

when the two heads were used together harvesting field capacity 

increased, however reduced efficiency was found. 
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CHAPTER-1 

INTRODUCTION AND OBJECTIVES 

1.1 INTRODUCTION 

It was noted by Rawles (1982) that jojoba, Simmondsia Chinensis, 

was first mentioned in the literature in 1701. Up until the 1920's 

jojoba was used by people for stomach aches, wounds and as a cure for 

cancer. Jojoba oil was also used in cooking, while the seeds have been 

used to make a coffee-like drink as well as for an animal feed. In the 

1920's serious research on germination and planting of jojoba began in 

the USA; many tests and analyses were made. The University of Arizona 

discovered in the 1950's that jojoba oil is chemically a wax, with 

properties similar to those of sperm whale oil (Crosswhite, 1972). 

Jojoba is native to Arizona, Southern California, and the Sonoran 

desert of Mexico. By the late 1950's planting had begun in Israel 

(Rawles, 1982). Recently several other countries have attempted to 

domesticate jojoba as a suitable crop for their semi-arid regions. 

In its native countries jojoba grows at elevations between sea 

level and approximately 5000 ft. It prefers drained, coarse, desert 

soils and coarse mixtures of gravel and clays. Jojoba's life span is at 

least 100 years, and possibly over 200 years. It may take five to 30 

years to begin seed production, depending on the water available. 

Plants are mostly spherical in shape, and their height ranges from 2 

feet to 8 feet or more. The ratio of male to female plants in a natural 

stand is nearly 1:1. It is impossible to distinguish male from female 
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plants before flowering. Illustrations of jojoba seeds of different 

sizes, and of a planted jojoba field are given in Figures 1 and 2 

respectively. 

Yermanos (1982) observed that jojoba has attracted worldwide 

attention for several reasons: 

- Its seed contains a liquid wax which is almost identical in 

composition to the oil of the sperm whale. It can thus serve as a 

substitute for sperm whale oil. 

- It is an extremely drought resistant species. 

- It can grow in areas of marginal soil fertility, high 

atmospheric temperature, high soil salinity and low humidity. 

- It has low fertilizer and energy requirements. 

- It can be grown and processed with commercially available 

equipment. 

- It has potential around the world as a crop for semi-arid areas 

having high population densities and limited employment opportunities, 

and where little else can be grown. 

The National Research Council (1985) reported that since 1982, a 

mounting number of farmers in Arizona, California, Northern Mexico and 

Israel have obtained commercial harvests of seed. 

1.1.1 Uses for Jojoba Seeds 

Wisniak (1987) noted that in 1970, the US government put the sperm 

whale, along with seven other types of whales, on the endangered species 

list and banned the extraction of oil from these sources. At that time, 
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consumption of sperm whale oil was 40-50 million pounds per year in the 

US. Half of this amount was being used in lubricant applications. 

Jojoba is important because it can be used to replace sperm whale oil. 

It is unique in that its seed contains 50-60% oil, by weight, and the 

oil is odorless and colorless. Moreover this oil has no fish odor, has 

a high viscosity, high flash and fire points, and there is no need for 

refining. Additionally "the oil is nonvolatile and free from rancidity" 

(Wisniak, 1987), and the meal contains 30% protein and can be used as 

animal feed. The National Research Council (1985) states that areas 

where jojoba oil and its derivatives have been utilized are in cosmetic 

products, pharmaceuticals, lubricants, foods, electrical insulators, 

foam control agents, high pressure lubricants, heating oils, 

plasticizers, fire retardants, and transformer oils. 

Its use in lubricants is interesting. According to the National 

Research Council (1985), up until the early 1970's sperm-whale oil was a 

common ingredient in high quality lubricants, used notably in vehicle 

differentials, transmissions, and in hydraulic fluids that require a low 

coefficient of friction, and in cutting and drawing oils. Most 

automobile transmission oils contained 5-25 percent sperm-whale oil. 

Sperm-whale oil requires chemical processing before use, however the 

composition of jojoba oil is very close to sperm-whale oil and yet does 

not require modification. Another advantage of jojoba oil over sperm-

whale oil is that when jojoba oil is sulfurized, a regular process for 

every oil, it remains a liquid, while sperm-whale oil requires the 
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addition of minerals to remain liquid, Wisniak (1987). A final 

advantage of jojoba oil is that it has a natural surface wetting 

property which could aid in preventing wear. 

1.1.2 Harvesting of Joj oba 

Yermanos (1982) states that in hot, dry climates the fertilized 

ovary of jojoba continues to grow in size until May. The seed is ready 

for harvesting in late June. In cooler climates maturity may not be 

reached until the end of July, moving the harvest into August or even 

September. In either case harvesting is generally done in the hottest 

part of summer. 

Harvesting is done by hand or mechanically, or using some 

combination of these two methods. Considering labor cost, harvesting by 

hand is very expensive. Pickers average 2 kg (4 pounds) of seeds per 

hour (wet basis) (Chesson and Burkner, 1976). An average market price 

of jojoba is $1.65 per pound, and a minimum wage for a worker is 

$3.35/hr. Therefore, harvesting costs will be high relative to seed 

costs and capacities are low. Picking up the seeds by hand is a very 

difficult and slow task in the heat of summer, this further increases 

harvesting costs. For these reasons harvesting by hand is not 

practical, or profitable, for larger fields. Therefore, harvesting must 

be done mechanically, with the equipment which keeps plant damage to a 

minimum to ensure that yields in future years are not reduced. 

Two types of harvesting machines have been developed for 

collecting jojoba seed. One type harvests the seed from the plant 
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(over-the-row harvester). The second type of harvester collects the 

seed after it falls to the ground (ground or vacuum harvester). 

Advantages and disadvantages of ground pick-up compared to shake-

catching systems in general are given by Ruff and Lepori (1983). 

Advantages: 

1. Ground pick up is used for fallen fruit; for some crops this 

means that shaking is not necessary. When shaking of the crop is 

required, harvesting by ground pick-up does not require the use of a 

catching system. 

2. If maturity of the fruit varies over time, a ground pick-up 

system will be needed to harvest the entire crop. 

3. If chemicals are used for fruit removal, response of the 

fruits will differ from one another because of environmental conditions. 

Here again ground pick-up will be required. 

A. Less pruning is needed with ground pick-up systems. 

5. Ground pick-up systems are generally simple and easy to 

maneuver. 

6. Ground pick-up systems allow continuous harvesting. 

7. In the case of irregular tree spacing these systems are easy 

to use. 

Disadvantages: 

1. Ground pick-up systems can damage some fruit types because of 

an irregular or hard soil surface as compared to a catching surface. 
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2. The amount of dirt and trash picked up with the fruit can be 

excessive. 

3. A smooth field surface is needed for efficient operation. 

4. More than one harvest may be required. 

From these advantages and disadvantages it is clear that the 

choice of a harvesting system mainly depends on the crop and its fruit. 

When ground pick-up and shake catching systems are compared with 

each other in terms of economy and efficiency in the field, ground 

harvesters have more advantages than over-the-row harvesters when 

collecting jojoba seeds. Some advantages are higher field speeds, 

simple design, and being usable for every size of plant. Considering 

these advantages further improvements in ground jojoba harvesters would 

make them even more efficient. 

The main problem with ground jojoba harvesters is the collection 

of dirt, gravel, small rocks, and branches along with the seed. 

Separation on the machine can be utilized to some degree, but before the 

seed can be pressed a complete cleaning is necessary. This cleaning is 

normally done by gravity separators, air separators, etc. which can not 

be used on a field machine. 

A secondary problem is the effect of dirt and gravel passing 

through various parts of the harvester. This significantly increases 

the wear, particularly in the case of the fans and sieves. If a 

pneumatic system could be developed which would limit or reduce the 
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amount of cleaning and wear, it would decrease harvesting costs 

significantly. 

1.2 OBJECTIVES 

The objectives of this study were: 

1 - Investigate the aerodynamic behavior of jojoba seed. 

2 - Find a pneumatic method of picking up jojoba seed while reducing the 

amount of soil and trash picked up. 

3 - Design a head system, which incorporates the pneumatic method 

determined as optimum in objective 2, and also provides a low profile 

which can pass under the plant in order to reduce the amount of plant 

trimming required and the damage occurring during harvesting. 

4 - Consider economics when designing the new head (hood) system. 
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CHAPTER-2 

LITERATURE REVIEW 

2.1 PNEUMATIC SYSTEM DESIGN 

Pneumatic systems have been used for many purposes in both 

agricultural and industrial applications, from collecting garbage to 

harvesting crops. Pneumatic conveying systems can be separated into 

three distinct types: positive pressure systems, in which the operating 

blower or compressor is located ahead of the point where the material 

enters, and supplies either air or a gas under pressure to the system; 

and negative pressure systems in which the blower or compressor is 

located beyond the terminal points in the system and which exhaust the 

air or gas after it has passed through the system, and so called "push-

pull" or combination system (Hayden et al., 1972). 

The choice of system is usually made by using one of the following 

rules. 

1. Conveying from one point to several destinations-positive 

pressure systems. 

2. Conveying from several points to one destination-negative 

pressure systems. 

3. Conveying from several points to several destinations-

combination systems. 

Power requirements of the conveying system are also important. 

Two factors have been identified as crucial in affecting power 

requirements. These factors are: 
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- Acceleration energy necessary to overcome the inertia of solids 

at rest. 

- Energy to raise solids through a net elevation change. 

Summation of the two factors, in consistent units, allows the power 

requirements to be calculated to facilitate the design of the equipment. 

2.1.1 System Type 

The question as to which type of pressure system is best for 

collecting material must be addressed. Pick-up can be considered as a 

kind of conveying. To answer the question as to which type of system is 

best, certain characteristics of the material to be conveyed should be 

known: density, particle size and shape, fragility, and abrasiveness. 

Once all the information about the material is known, the physical 

arrangement of the equipment, and the power requirements, must be 

determined. 

The first decision to be made is what type of system should be 

used. System type based on particle size is given in a table by Stoes 

(1983). This is shown in Table 1. 
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Table 1. System type according to particle size. 

Type of System 

Lou Medium- High- Vacuun- Closed- Air-Ac 
Particle Size Vacuun Pressure Pressure Pressure Pressure Circuit tivated 

Lumpy or irregular X X X 
Granular X X X X X 
Fine X X X X X ? 
Very fine X X X X X X X 

The same reference provides another table which lists system type 

according to the material to be conveyed. This table suggests the use 

of vacuum systems and low pressure systems for conveying barley, rice, 

soybeans, corn, etc. There is no explanation as to why these systems 

should be used for these materials, but the selection may result from 

experience and observation of past applications. 

2.1.2 Hood Type 

One of the critical aspects of a pneumatic system is hood design 

(SMACNA 1976). The most important concepts when designing a hood are: 

(1) keeping losses to a minimum in the hood, (2) the velocity of the 

fluid at the face of the hood and (3) the velocity of the fluid after it 

leaves the hood. Hood shapes can vary from application to application, 

for example, in picking up materials or exhausting contaminant air. 

Preferred dimensions for a tapered hood are given by SMACNA (1976) in 

Figure 3. Entry losses and entry coefficients for tapered hoods are 

given in Table 2. 



Aspect ratio - W/L - 0.2 or less (2.1) 

Air volume - 3.7 LVX (2.2) 

Where: 

L - Length 

X - Distance between material and head face 

V - Centerline velocity at a distance x from hood 

W - Height of the hood face 

Figure 3. Dimensions for a tapered hood from SMACNA. 

Table 2. Head Entry Loses and Entry Coefficients 
from SMACNA. (VP-Velocity Pressure) 

Entry Loss 

Angle Round Rectangular 

I5t>aafl! i-§av£Aaae@aa(a?fiA? 

30° 0.08 VP 0.16 VP 

45° 0.06 VP 0.15 VP 

60° 0.08 VP 0.17 VP 

90° 0.15 VP 0.25 VP 

120° 0.26 VP 0.40 VP 

150° 0.40 VP 0.40 VP 

Entry Coefficient 

Round Rectangular 

0.93 0.89 

0.96 0.93 

0.97 0.93 

0.96 0.92 

0.93 0.89 

0.89 0.86 

0.84 0.82 
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Alden and Kane (1982) provided velocity contours for vacuum heads 

with and without flanges as shown in Figure 4. The flange surrounds the 

head's face area and can be seen to dramatically influence the velocity. 

If a vacuum head is equipped with a flange, the distance at which the 

air flow is effective increases. 

Figure 4. Effect of head flanges on velocity contours (Contours show 
the remaining fluid velocity in terms of the head face velocity). 

SMACNA (1976) also advises that the closer the particles are to 

the hood, the more efficient will be the use of the air. This is 

because the required air volume varies with the square of the distance 

between the particle and the hood face. For the same hood and material 

when the distance between hood face and the material is increased, the 

required air volume increases dramatically. This is represented 

schematically in Figure 5. 
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Figure 5. Effect of the distance between the hood face and the particle 
on required air flowrate (SMACNA,1976). 

The effective distances for both positive and negative pressure 

heads in terms of the velocity distribution in front of the hood face 

are illustrated in Figure 6. When using a vacuum hood, the effective 

air distance is small. With a tapered of hood having a rectangular face 

area, it is expected that effective air distances for both positive and 

negative pressure hoods will be much smaller because of entry and exit 

losses. 

30d 

• i 
d 

t̂07. y/Bceve/fftf/y 
FAN 

Vacuuming 

J 

Figure 6. Velocity distributions for positive and negative pressure 
hoods (SMACNA, 1976). 
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Both Coates (1987), and Price and Lunde (1945) state that harvesting 

heads must be as wide as possible to increase field capacity, and that 

the cross-sectional area of the frontal part of the hoods must be equal 

to the conveying pipe's cross-sectional area to provide constant air 

velocity. Furthermore, heads must have a constant cross-sectional area 

along their length to provide a uniform air velocity within them and to 

eliminate any dead spots. 

In the report on the development of filbert nut harvester Lunde 

(1948), quoted from Ruff and Lepori (1983), stated that if equal amounts 

of air enter suction nozzles from both sides, the lifting effect will 

increase. For this reason horizontal airfoils were attached to the 

sides of the suction nozzles. This principle can be seen in Figure 7. 
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PIUCTIO* 
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Figure 7. Principles of suction nozzle described by Lunde (1968) 
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Alden and Kane (1982) showed that pressure losses in a tapered hood 

depended on the angle of divergence, as defined in Figure 8. From the 

table in Figure 8, it can be seen that a 40 or 50 degree angle of 

divergence provides the least velocity head loss and the greatest 

coefficient of entry for both round and rectangular openings. 

2.2 JOJOBA HARVESTERS 

The machines currently used to collect seed directly from the plant 

are modified grape, raspberry, and blueberry pickers. Two disadvantages 

of these machines are that often a second operation, drying, is needed 

after collecting the seeds since some seeds are not mature, and that 

several harvests in each field are required because of nonuniform 

maturity. Both of these operations increase harvesting costs. 

A ground harvester has been developed in the US and is used 

commercially. It has a fixed suction head which travels along the 

ground and uses negative pressure (vacuum) supplied by a fan to collect 

the seed. 

One of the biggest disadvantages of ground harvesting is the 

collection of dirt, rocks, and branches with the seed. This decreases 

harvesting efficiency, and increases cleaning requirements. On the 

other hand, the biggest advantage of this type of system is that all the 

seeds are mature and drying is not needed. 
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Face area at 
least 2x pipe area 

«l> - Angle of divergence 

Round openings Rectangular openings 
Angle of 
Divergence Velocity Velocity 
(degrees) Headloss Entry Coeff. Headloss Entry Coeff. 

0 0.93 0.72 0.93 0.72 
10 0.32 0.87 0.49 0.82 
20 0.13 0.94 0.21 0.91 
30 0.11 0.95 0.18 0.92 
40 0.08 0.96 0.16 0.93 
50 0.08 0.96 0.16 0.93 
60 0.11 0.95 0.18 0.92 
70 0.11 0.95 0.18 0.92 
80 0.18 0.94 0.21 0.91 
90 0.18 0.92 0.26 0.88 
100 0.21 0.91 0.29 0.88 
110 0.23 0.90 0.32 0.87 
120 0.26 0.89 0.35 0.86 
130 0.29 0.88 0.38 0.85 
140 0.32 0.87 0.42 0.84 
150 0.38 0.85 0.45 0.83 
160 0.42 0.84 0.49 0.82 
170 0.45 0.83 0.45 0.81 
180 0.49 0.82 0.56 0.80 

Figure 8. Entry coefficients and velocity head losses 
(Alden and Kane, 1982) 



Two vacuum machines have been developed at the University of 

Arizona. Both use negative pressure which is supplied directly by fans. 

One of these machines' heads float vertically and horizontally, while 

the other machine's heads float only vertically. These movements allow 

the heads to reach the seed easily, while reducing the clogging and the 

amount of dirt picked up from the ground. Pictures of both machines are 

given in Figures 9 and 10. 

Figure 9, First jojoba harvester developed at the University of 
Arizona. 



Figure 10. Second jojoba harvester developed at the University of 
Arizona. 
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Both over-the-row harvesters and ground harvesters have 

advantages and disadvantages. Sometimes a disadvantage of one type of 

machine is an advantage for the other. These disadvantages and 

advantages were stated as follows by Coates (1987). 

Disadvantages of over-the-row harvesting system: 

1. Non-uniform ripening precludes the use of over-the-row mechanical 

harvesting. Unless one can harvest every day some seeds will drop 

between harvests and be lost. To harvest this frequently would be 

economically unjustifiable and would severely damage the plant, reducing 

subsequent yields. 

2. Since desert plants are brittle by nature, plant damage is an 

inherent problem with over-the-row machines. This can lead to reduced 

yields in succeeding years. 

3. Adverse weather conditions such as wind, heavy rains or hail may 

knock some or all of the seeds from the plant. These seeds would be 

lost to an over-the-row system. 

4. Plant sizes can easily exceed economical machine sizes. One 

solution is trimming or hedging of the plants, but this adds to both 

capital and operational costs and may also reduce production since the 

majority of the seeds tend to be produced on the plant surface. 

5. In an attempt to increase the amount of the seed harvested in each 

pass, over-the-row machines have been made more and more expensive. 

Although this does partially solve one problem, it increases the amount 

of unripe seed harvested. This seed must be dried to prevent spoilage. 



34 

This adds to capital arid operational costs. 

6. Over-the-row equipment is expensive because of its complexity. 

7. Field speed for over-the-row machines is low. This adds to costs 

and increases harvest time. The increase in harvest time adds to 

weather and natural ripening losses. 

On the other hand, there are distinct advantages to the over-the-

row system. Coates continues: 

1. Seed lying on a damp soil surface can be damaged. Harvesting 

directly from the plant solves this problem. 

2. A large amount of soil, rock and trash is collected by ground 

harvesters. Unless the majority of this can be removed in the field, 

transfer costs increase dramatically. In some cases 85% of the 

harvested material (by weight) is soil and rock. 

3. The presence of soil and organic material mixed in with seed 

harvested from the ground can lead to spoilage. The extent of the 

problem depends on the type and length of the storage. 

4. Very heavy rainstorms may wash some of the crop from the fields, 

reducing yield. 

From these points one can conclude that ground harvesters appear to 

have fewer disadvantages than the over-the-row harvesters. 

Another approach to jojoba harvesting comes from Fernando A. 

Lubbert (1984). He has shown that the pruning required to accommodate 

over-the-row and ground harvesting decreases yield. The following 

tables show the effect of pruning on yield (Fernando A. Lubbert, 1984). 
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Table 3. The effect of the pruning on yield 

Year Pruned Unpruned Yield increase 
(Kg/Ha) (Kg/Ha) (%) 

1981 50 173 346 
1982 125 472 376 
1983 200 1270 635 

Lubbert's solution, quoted in the following two paragraphs, 

describes a system of harvesting which does not require pruning. 

"The harvesting process is prepared with the use of a plastic mesh 

and a self propelled machine which was designed specifically to spread 

out the mesh. The mesh in rolls is attached to the back of the machine 

and is spread out along the rows under the bushes as close to the base 

as possible. 

The machine was designed to enter the row, and as it goes along, 

lifts up the lower branches, and at the same time, lays out the plastic 

mesh underneath the bushes. Once the mesh is laid out, it remains there 

until the seeds drop totally. The harvest is quite simple. Even the 

overlapping branches do not pose much of a problem. As two men fold the 

net inward from either side, the seed slides toward the center and is 

then gathered by hand or vacuuming." 

Lubbert concluded that overall this machine would be more 

advantageous than an over-the-row harvester. However, as noted above, 

this machine needs to lift the lower branches to lay out the plastic 

mesh, and workers or a vacuuming machine will still be needed to collect 

the seeds. From this, it is seen that harvesting using Lubbert's system 

will be very costly. 
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2.3 OTHER GROUND HARVESTERS 

Literature discussing pneumatic harvesting of jojoba seed is very 

limited. Nevertheless, devices used to pneumatically harvest pecans, 

strawberries and other crops provide useful design information. 

A pneumatic strawberry harvester was developed at the University of 

Arkansas. The four main components and their functions for the 

pneumatic strawberry harvester are given by Morris (1984) as: 

1. A moving sickle bar at the front of the machine cuts the excess 

foliage. 

2. Fruit is stripped from the plants using a comb-brush stripping 

belt. 

3. A fan supplies air which separates the fruit from the leaves and 

other foreign material. The air also helps lift the strawberries from 

the ground into the comb-brush mechanism. 

4. Fruit is conveyed to transporting containers using a belt system 

after leaving an air-lock valve. 

Pecan harvesters are another example of a pneumatic harvesting 

system. Cleaning is not as big a problem with these machines as it is 

for jojoba because of field surface conditions and the physical 

properties of pecans such as weight and size. Pecan fields are 

generally grass covered and therefore present less exposed soil to the 

harvester. Tree spacing and the absence of branches also make 

harvesting easier. The main parts of one pecan harvester are given by 

Sarig et al. (1984) as: 
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1. Fan 2. Vacuum feeder 

3. Rough belt 4. Expansion chamber 

5. Frame 6. Nut container 

7. Three-point hitch 8. P.T.O. coupling 

9. Suction pipe 

The pecans are collected by vacuum from the ground surface. The 

vacuum also removes some of the leaves and lighter foreign materials 

from the crop as the nuts and heavier debris drop from the air stream 

and fall through a rotary valve onto a sloping belt which separates the 

nuts from the debris. The nuts roll down the belt into a container, 

while the debris is carried up the sloping belt and is discharged back 

onto the soil surface. This machine is very similar in concept to those 

developed for jojoba, with the exception of the sloping belt. 

Mechanical filbert nut harvesters experienced similar developmental 

problems years ago, that jojoba harvesting is experiencing today. 

Suction nozzles were mounted on the front of the vehicle using a knee-

action linkage so that the nozzles could follow the ground contours. 

Similar types of linkages could be used on jojoba ground harvesters. 

Operating parameters of one filbert nut harvester were 6500 cu. ft. 

of air, static suction at the fan of 5.5 inches of water, and an air 

velocity in the nozzles of 100 feet per second. Price and Lunde (1945) 

stated "the nozzles work best when designed to have a constant cross-

sectional area, so that air velocities do not change." In the trials of 
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this machine the best results were obtained in the rain, rather than in 

dry loose soils. These conditions reduced the amount of soil picked up. 

An almond harvester developed by Parks and Fairbank (1948) used a 

design similar to that of the filbert nut harvester. Separation of the 

nuts from the dirt was done in a similar manner on these two machines. 

Both machines used a rotary valve to release the nuts from a plenum 

chamber into a hopper. In the almond harvester, however, the rotary 

valve clogged frequently. The authors suggested that instead of a 

rotary valve, a flat conveyor with a rubber flap extending toward the 

container, or an auger-type conveyor, could be used to reduce clogging. 

These methods were not tried in the study, however. 

On this machine nozzle height was regulated by trailing gauge 

wheels. Operating conditions were given as: 

- Air velocity of 4500 feet per minute at the nozzles's entrance. 

- 2.5 inches of water vacuum in the nozzles. 

- 5 inches of water vacuum at the fan. 

- 1.5 inches of clearance between the nozzles and the ground. 

An example of using positive pressure (blowing) can be seen in a 

macadamia nut harvester which used a closed system approach which 

recirculated the air. Liang and Kirchbaum (1982) stated that clogging 

was a major problem with this machine, and later it was abandoned for 

this reason. 

Major parts of the redesigned macadamia nut harvester, which did not 

use a closed system, were: 
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1. A windrowing fan which brings the nuts into position for the air 

sweeper. 

2. An airsweeper (comprised of a blower mounted on a wheel). 

3. A nut collecting wheel made from a rotating coil spring ramp. 

4. A nut pan and pick up elevator. 

5. A screw conveyor to carry the material to a bin. 

6. A bin to store the material. 

Lowbush blueberry harvesters developed in the 1960's used vacuum to 

carry the crop after it was raked from the plants using a rotary combing 

device (Cargill and Kirk, 1982). When the comb teeth encountered 

obstructions such as stumps in the field, or when they dug into soil, 

contamination of the berries increased because of soil collected. In a 

later version, the vacuum system was abandoned in favor of a positive 

pressure system. This was done to reduce the amount of soil picked up, 

and to provide a cleaner product. 

Another positive pressure system which collects nuts is described in 

US patent No. 4,194,396. The main components of the harvester are: a 

blower, and a ramp which helps to lift the material from the ground. 

This harvester cannot be used directly for jojoba because of the plant 

spacing and the orientation of the machine relative to the plants, 

however, it is clear that if a ramp could be used on a ground jojoba 

harvester, it could be very helpful in raising the seeds from the soil 

into a collection device. 
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Another US patent, No. 3,675.405, also describes a different use for 

a positive pressure system. This system was developed for harvesting 

and cleaning nuts. The basic parts of this machine are: a blowing fan 

mounted at the rear of a tractor, and a catching system which consists 

of a grid-like ramp, and a basket at the upper end of the ramp. This 

machine can be used for different nuts, such as pecans, almonds etc., by 

adjusting the direction of the air stream. A problem however is that 

the ramp can easily be blocked if it is used in a field having numerous 

small rocks, or in one which has large soil and rock particles. In 

these cases the ramp can become overloaded, creating a blockage which 

prevents the nuts being carried to the basket. 

Sweeping of nut crops into a windrow, and then vacuuming them up 

from it, is another common harvesting method. For jojoba the concept is 

now being tried in Israel (Cohen, 1989). He states "we continue to 

believe that the seeds should be moved outward from bush interiors to a 

mid-line strip using mechanical action rather than air currents. The 

working principle is based on brushes that move seeds from the row 

centers out to the combine which picks them up on a knife-like device 

passing just under the soil surface, taking up all material in its path. 

This material is then fed through a chain-and-elevator separation system 

which selects out the seeds." The same principle has been used for 

pecans, almonds, etc. without the knife-like device. In jojoba, 

however, it can be seen that this process increases the cleaning 

required prior to pressing since jojoba fields generally are not grass 
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covered. 

2.4 EXPERIMENTAL STUDIES AND MEASUREMENTS RELATING TO PARTICLE MOTION 

Agricultural and other industrial products can be carried from one 

point to another using a variety of different types of equipment. For 

example belts, chains, screws, gravity conveyors, pneumatic systems, 

etc. can be used as transporting components. In this study, however, 

the primary concern is with pneumatic equipment. The following 

discussion describes the results of several trials which were conducted 

by other researchers to observe the pneumatic action of pressurized air 

on particles. 

Some experiments were conducted by Humphries et al. (1979) to study 

conveyance of peanuts, snap beans and cucumbers. The experimental unit 

and a free body diagram of a particle under study are given in Figure 

11. 
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Figure 11. Experimental unit and free body diagram of the test 

particle. 
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Where: 

Fg: Force (horizontal from air). 

Lg: Force (vertical from air). 

W: Weight of particle. 

N: Normal force. 

R: Frictional force. 

In this study the downstream distances from the slot gap at which 

particles started to move were determined as functions of the plenum 

pressure, height of the slot gap and the overlap. The static plenum 

pressure was measured by means of a U tube manometer. Velocity of the 

air downstream from the slot was measured by a pitot tube (Dywer Model, 

No.166-6), and the horizontal distance from the slot at which initiation 

of particle motion took place was measured with a movable scale mounted 

on the test surface. 

In these experiments the particles were tested in both the stable 

and unstable modes. Two graphs abstracted from this study are given in 

Figures 12 and 13. Figure 12 shows velocity head profiles in front of 

the slot gap for different plenum pressures, and Figure 13 shows 

maximum horizontal distances for initiation of motion against the square 

root of the slot gap times the plenum pressure. 
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Figure 12. Velocity head profiles. 
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Figure 13. Maximum distances in front of opening for initiation 

of motion 
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Aerodynamic properties of particles in free fall can be determined 

from a method given by Henderson and Perry (1979) adapted from Lapple 

and Shepherd (1940). A particle in free fall will reach a steady state 

velocity as determined by particle characteristics such as shape, 

density and size. This velocity is also equal to the air velocity 

required to suspend the particle. Determination of this velocity for 

various particles would be helpful in the design of a pneumatic 

conveyance or separation system as it would permit the calculation of 

air velocity and flowrate required to carry a particle from one point to 

another. The analytic procedure to determine the air velocity for a 

particle in free fall follows. 

F 

fdv 1 
M («Vrp - 0p7) - F 
IdtJ 

(2.3) 

I P - 1  
Mg F 
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V 

and given that drag force, 
F - C(V2/2g)TA (2.4) 

dv 7p-7 V2iA 
— - ±g - C (2.5) 
dt 7P 2gM 

Where: 

A - Projected area of particle 

K - Fluid specific weight 

7P - Particle specific weight 

t?p - Particle volume 

C - Drag coefficient 

V - Relative velocity 

F - Force 

M - Particle mass 

t - Time 

g - Gravity 

For a steady state condition dv/dt will be zero, then equation 2.5 

becomes: „ o... v 
2g M(7p-Tf) 

V - (2.6) 
CA7p7 

Direct solution of this equation is impossible because C is a function 

of V. Lapple and Shepherd (1940) gave a graphical representation of the 

relationship between Reynolds number (R.) and drag coefficients (C) for 

discs, spheres, and cylinders which simulated general particle shapes. 

The relationship is graphed in Figure 14. 
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Figure 14. Drag coefficient as a function of Reynolds number 

by Lapple and Shepherd (1940) 
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Equation 4 can be solved as follows by writing the velocity in 

terms of Reynolds number (R,), solwing for V, and then substituting 

this into Equation 2.6. 

DV-7 
Re - -jj- (Reynolds number) (2.7) 

Rearranging yields: 

ReM 
V - (2.8) 

D7 

Where: 

V: velocity 

7: Density of the fluid 

D: Pipe diameter 

fi: Dynamic viscosity 

Also, substituting W - Mg, where W is the weight of an average size seed 

and letting A equal to the cross-sectional area of an average size seed 

Equation 2.6 becomes: 

2gWD27(7p-Tf) 
CR.2 - (2.9) 

It2A7P 

From this equation CR.2 can be found. With this value, and using 

Figure 14, R, can be determined for an average sized jojoba seed. 

Finally velocity can be determined from R«. 
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CHAPTER 3 

TEST PROCEDURES 

3.1 MATERIAL DESCRIPTION 

Aerodynamic behavior of jojoba can be studied in a manner similar to 

Humphries' experiments. Instead of a conveyor surface, however, a 

ground surface can be used and rather than changing the overlap, various 

heads such as a vacuum head, a blowing head or a combination of both can 

be employed. Such a system would allow measurement of the air velocity, 

pressures (static and dynamic) and flowrate of air needed to move jojoba 

seed under the effect of positive or negative pressure. All of this 

information clearly would be helpful in designing a jojoba harvester. 

An experimental unit was designed and constructed to study the 

aerodynamic behavior of different sizes of jojoba seeds and stones under 

the effects of positive pressure, negative pressure, and in combination 

with one another. Three different sizes of seed and two different sizes 

of stones were used in the tests. Seeds were categorized as large, 

medium and small, and stones as large and small. The dimensions and 

densities of the seeds and stones are given in Table 4. 
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Table 4. Dimensions and densities of average sized seeds and stones 

used in the study. 

Seed Stone 

Large Medium Small Large Small 

Length (in.): 0.71 0.63 0.56 >0.39 <0.39 

Diameter (in.): 0.48 0.39 0.35 >0.39 <0.39 

Density (lb/ft3): 50.14 129.01 

(Assumed shape for both is cylinder) 

3.2 CHOOSING OF THE PARTS FOR TEST UNIT 

In an attempt to determine the fan size required for the test unit 

both Henderson and Perry's method and an approximation technique were 

used. Using the first method, for medium sized jojoba seed having a 

cylindrical shape and the following properties, the required air 

velocity was calculated as follows. 

Using 

A - 0.00085 ft2 

W - 0.0016547 pound 

7P - 50.144 pound/ft3 

0P - 0.33X10"4 ft3 

and by taking: 

D - 0.604 ft 
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g - 32.2 ft/sec2 

7 - 0.075 pound/ft3 

H — 2.679xl0"5 pound/ft.sec. 

2x32.2x0.002097x(0.604)20.075x(50.144-0.075) 
'D 2 — 

(2.679x10"3)2x0.00085x50.144 

•> CRe2 - 6.047xl09 

Using information from Figure 27, and by varying C and Re, the CRe2 

value was matched with the graphed CRe2 value when Re - 77768 and C - 1. 

The velocity is then found directly from R„. 

DV7 
Re -
8 M 

/iRe 2.679xl0"5x77768.28 

V " 57" 0.604x0.075 

V - 45.49 ft/sec 

Using an approximation method developed by the author, velocity can 

also be determined as follows. The force required to suspend a seed in 

the air can be found from the equilibrium equation, which is: 

F - (tfp7p • tfp7B) (3.1) 

Where: 

7a - Density of air 

7p - Density of seed 

F - Force on seed by air 

0p - Volume of the seed 
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if this force is to be obtained using a negative pressure head, the 

force applied to the seed, can be expressed as follows: 

1 V2 

F - - — A 7a (3-2) 
2 g 

Where: 

A - Projected area of seed 

V - Velocity of air 

g - Gravity 

The velocity needed to suspend a seed in air is found by equating 

equation 3.1 and equation 3.2, and substituting in the following values: 

g - 32.2 ft/sec2 

7p - 50.144 pound/ft3 

i3p - 0.33 x lO"* ft3 

7a - 0.075 pound/ft3 

A - 0.00085 square feet 

V2 V2 

F 7bA -> 0.00165 0.075 x 0.00085 (3.3) 
2g 2x32.2 

«> v - 40.82 ft/sec 

This velocity is needed at a point in order to keep it suspended. 

In order to initiate motion of the seed in the direction of the air 

velocity, the velocity must be greater than the calculated value to 



53 

compensate for drag and friction forces. It can be seen than that the 

two calculated air velocities are close to each other in both cases. 

When using a negative pressure head, seed motion will be toward 

the head. In actual situations there is always a distance between the 

head face and the seed. If one wants to obtain the air velocity 

required at a certain distance from the head, the air velocity needed at 

the head face or in the pipes can be calculated using an empirical 

formula derived by Alden and Kane (1982). This formula is given as: 

y/ClOO-y) - 0.1 a/x2 (3.A) 

Where: 

y - Velocity of air at a distance from the head face in percent of face 

velocity (ft/sec) 

a - Head face area, (ft2) 

x - Distance between the seed and the head face (ft) 

As an example, if the distance (x) is 0.164 ft and the face area (a) is 

0.16319 square feet, then the velocity for this distance is found as: 

- 0.1 x 0.16319/0.0269 (3.5) 
100-y 

y 
- 0.6066 —> y — 37.75 % of face velocity 100-y 

So in order to have a 40.82 ft/sec velocity, 0.164 ft. away from the 

head, the face velocity must be: 
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40.82x100 
3? ?5 - 108.13 ft/sec (3.6) 

From this value and using the same face area the required air flowrate 

is found to be - 108.13x0.16319 - 17.64 ft3/sec - 1058 cfm. 

It can be shown that air velocity changes dramatically with the 

distance x. If x was doubled to 0.328 ft., then the required air 

velocity at the head face would be 310 ft/sec, an increase of almost 

300%; the air flowrate would increase to 3035 cfm to obtain the same 

air velocity at the seed position as in the example given above. 

In various experiments Liang and Kirschbaum (1982) used macadamia 

nuts and determined the minimum air stream velocity required to blow 

them out of depressions created by spherical balls. This simulated a 

rough field surface. From the data, they developed the following 

equation which can be used to calculate the air velocity required to 

blow macadamia nuts from the depressions. 

V - 9.14d0-56 (3.7) 

Where: 

V - Velocity of air required 

d - Diameter of the depressions 

Using a depression diameter of 7.62 cm, they determined that an air 

velocity of 28.5 m/sec was required. Under field conditions, Liang and 
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Kirschbaum used a velocity of 40.56 m/sec, which was 43% higher than the 

calculated value, to compensate for air speed loss. Because the 

projected area and density of jojoba seeds is much smaller than that of 

macadamia nuts which have ~ 2.5 cm square projected area and 1 g/cm3 

density, velocities of 40 m/sec (133.2 ft/sec) should be adequate. 

Using the same face area as in the previous calculations this implies 

the test fan should provide 1304 cfm of air. 

3.3 EQUIPMENT DESCRIPTION 

The experimental unit consisted of a fan, pipes, and two tapered 

heads. Photographs of the unit can be seen in Figures 15 and 16. A 

frame was fabricated to support the fan which was driven by an engine 

with a belt system. The fan inlet was connected to one head, while 

another pipe connected the fan outlet to the other head. 

To minimize costs, attempts were made to use available components. 

The fan, pipes, heads and the belt drive system were selected from the 

material available in the University of Arizona Agricultural Engineering 

shop. It was determined that these components were adequate for the 

various test conditions, and could supply sufficient volumes of air. 

Calculations for the drive belt system, for the strength of the frame on 

which the fan was set and an illustration of this frame are given in 

Appendix CI, and C2 respectively. Specifications of the various 

components are provided in the following: 

Enpine: A 4 cylinder engine (VH4D Wisconsin) was used to power the fan. 
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The standard values, taken from the manufacturer's catalog for this 

engine were: 

Rpm- up to 2800 rpm. 

Power- up to 30 hp (in continuous operation 20% of the horsepower is 

considered a safety factor). 

Measured maximum rpm for this engine during the test was 2520 rpm. 

Fan: This was a Dayton model 3C108 fan. The standard values, taken 

from the manufacturer's catalog for the fan were: 

Rpm: from 1780 to 2250 rpm 

Power: from 10 to 20 hp for the above rpm values, at 9 in. of water 

static pressure. 

Flowrate: from 2190 to 5585 for the same conditions. 

Wheel diameter: 22.625 in. 

Heads: Two tapered heads were used, one for negative pressure and the 

other for positive pressures. 

The dimensions of the negative pressure head were: 

Length of the face: 11.75 in. 

Height of the face: 2 in. 

Depth of the head: 13 in. 

Pipe connection diameter: 7.25 in. 

Face area: 0.16319 square feet. 



Figure 15. Experimental unit - front view. 



Figure 16. Experimental unit - back view. 
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The dimensions of the positive pressure head were: 

Length of the face area: 18 in. 

Height of #ie face area: 1.75 in. 

Depth of the head: 16.25 in. 

Pipe connection diameter: 6 in. 

Face area: 0.21875 square feet. 

Pipes: Two pipe sizes were used to connect the inlet and outlet ducts 

to the heads. The diameter of the inlet pipe was 7.25 inches. This 

pipe was 207 inches long, 130 inches of this length was made of steel, 

while the remainder was plastic reinforced with steel wire. The 

diameter of the outlet pipe was 6 inches. Total length of this pipe was 

81 inches, with 54 inches of this made of steel, and the rest was 

plastic reinforced with steel wire. 

Belts: Four B56 (Browning) belts were used to transmit the power from 

the engine to the fan. 

Pulleys: Two 4B62SD (Browning) pulleys were used, one on the output 

shaft of the engine, and the other on the fan shaft, providing a 1 to 1 

drive ratio. 

3.4 TESTING PROCEDURES 

Four measurements related to the pneumatic head design and 

performance were taken during the tests. These were 1) static and 

dynamic pressures in the pipes 2) distance from the face of the head at 

which seeds and stones began to move (initiation of motion), and the 
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distance at which seeds and stones ceased to move under the influence of 

the air stream, 3) angle of the head relative to the surface on which 

the seeds and stones were placed and 4) clearance of the heads from the 

test surface. To take into account the air density changes which would 

affect the air velocity, temperature and relative humidity were recorded 

during the tests. 

During each of the tests a specific head orientation was 

established. In some tests fan speed was changed for a run, while in 

others it was kept constant and head height was varied. All three sizes 

of seeds were then placed one by one in front of the head face several 

times for each test. The procedure was then repeated with the two stone 

sizes. The above circumstances were identical for negative and for 

positive pressure experiments. 

3.4.1 Instruments for Measurements 

Pressures were determined using a pitot tube, manufactured by Dwyer 

Instrument, Inc., connected to a U tube manometer. Pressure 

measurements were taken in inches of water, then air velocities were 

determined from the dynamic pressures, taking into account air 

temperature and relative humidity. An air velocity calculator supplied 

by Dwyer Instrument, Inc. was used for the conversion. 

Distances at which the seeds and stones started to move were 

measured by means of a scale set in front of the head face. The zero 

line was considered to be the vertical projection of the head face onto 
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the ground. Angle of the head, between the ground and the centerline of 

the head side face, was determined using a protractor. Clearance of the 

head, measured as the distance from the bottom side of the head to the 

ground, was determined using a scale. Air temperatures and relative 

humidities were measured using a sling psychrometer. 

3.4.2 Usage of Pitot Tube 

In the pitot tube manual, it is stated that for pipe diameters 

greater than 4 inches, pressure measurements can be made with +2% error, 

provided specific procedures are followed. Measurements must be taken 

at a point along the pipe which lies between 10 diameters of length 

upstream and downstream from the ends of the pipe. Figure 17 is a 

schematic diagram of the inlet and the outlet pipes with actual 

measurement positions indicated. These configurations meet the required 

conditions. Figure 18 shows a round pipe section and identifies the 16 

locations at which a pitot tube should be located in order to obtain the 

correct pressure measurement. These locations are required to account 

for air velocity distributions across the pipe cross-section. 

Considering the large number of tests that were to be undertaken in this 

study this was ascertained to be a very time-consuming task. In order 

to reduce the number of measurements required, several tests were run in 

which pressure values were measured. It became clear that under 

positive pressure conditions, measurement of only 4 points in a cross-

sectional area, along one radius, produced the average pressure; 

therefore in the 
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63 

tests only 4 pressure measurements were taken, all from the same cross-

sectional area. When using negative pressure it was found that if 8 

points were measured, the average of these represented the average of 

the 16 points. A sample of the negative pressure measurements are given 

in Table 5. Data were grouped by test, with each showing a complete set 

of measurements. When the average of the values for 

positions 2 and 3 were compared to the average of all 16 measurements, 

it was noted that the values agreed closely. Also, deviations of the 

average of positions 2 and 3 from the average of all 16 measurements are 

smaller than the deviations of the other two. Based on these data only 

the two positions were used for the measurements, with the average of 

the eight readings taken to represent the average pressure value. 

3.5 EXPERIMENT PARAMETERS 

In every set of experiments the test variables were: 1) air 

pressures, both static and dynamic, which were set by varying engine 

rpm, 2) head angle relative to the ground surface, and 3) head height 

from the surface on which the seeds and stones were placed. Two of the 

test variables were always fixed, while the third was varied. In this 

fashion the effect of the other on the motion of seeds and stones was 

determined. A rough concrete surface was used to simulate the field 

surface. It was thought that this would closely resemble a field 

surface in terms of friction forces. 
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Table 5. Pftot tuba MuurMwntt for 8 pressures. 
(Positions 1, 2, 3 and 4 show tha differant radii at the sane cross sectional area) 

1 2 2 4 Average aeasuraaent 

First Mi uraaant 
0.43 0.39 0.55 0.56 
0.52 0.40 0.60 0.58 
0.49 0.46 0.63 0.59 Y « 0.52375 
0.52 0.49 0.60 0.57 

Average of Colinrw: ¥,•0.49 YgaO.435 Y3-0.595 Y4"0.575 

Second w wuraaent 
0.44 0.50 0.57 0.77 
0.51 0.60 0.66 0.78 
0.56 0.76 0.82 0.80 Y • 0.6634 
0.62 0.65 0.77 0.805 

Average of Co I mm: Yf-0.5325 Y2-0.6275 Y3«0.705 Y4»0.7887 

Third aeasureaient 
0.65 0.52 0.88 0.92 
0.70 0.68 0.92 0.98 
0.75 0.82 0.98 1.14 Y • 0.8556 
0.80 0.87 0.94 1.14 

Average of Colums: Y, "0.725 Yj-0.7225 Ys-0.93 Y4»1.045 

Fourth wasurenent 
0.61 0.68 1.08 1.08 
0.76 0.74 1.06 1.17 
0.80 1.02 1.13 1.21 Y - 0.9743 
0.94 1.05 1.05 1.21 

Average of Columns: *,•0.7775 *2*0.8725 Ys-1.08 Y4«1.1675 

Fifth aeasuraaent 
0.34 0.30 0.46 0.48 
0.36 0.32 0.50 0.51 
0.39 0.40 0.52 0.53 Y • 0.4443 
0.44 0.52 0.49 0.55 

Average of Columns: Y,>0.3825 Ya-0.385 Ya-0.4925 Y4«0.5175 

Sixth aeasureaient 
0.39 0.44 0.60 0.76 
0.48 0.48 0.74 0.80 
0.56 0.70 0.78 0.81 Y • 0.6587 
0.70 0.69 0.80 0.81 

Average of Colums: Yf*0.5325 Y2»0.63 Yj«0.73 Y4«0.795 

Seventh aeasureaient 
0.64 0.54 0.80 0.96 
0.73 0.73 0.94 1.02 
0.72 0.76 0.89 1.04 Y - 0.8625 
0.89 0.98 1.04 1.03 

Average of Colums: V,-0.745 Ya-0.7525 Yĵ O.94 Y4"1.0125 

Eighth asa suraaent 
0.65 0.62 1.00 1.10 
0.74 0.74 1.06 1.16 
0.81 1.14 1.12 1.23 Y « 0.985 
0.87 1.12 1.16 1.24 

Y « 0.985 

Average of Colums: ¥,•0.7675 Ya-0.905 Y*»1.085 Y4-1.1825 
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3.5.1 Positive Pressure Experiments 

The pressurized air was directed onto seeds and stones to determine 

the effective air distance between the head face and the material at 

which neither seed nor stone movement took place. In these tests either 

one seed or one stone was set in front of the head at a time. Seeds 

were set in such a way that their cross-sectional area was minimum, but 

stones were placed in front of the head face so that their cross -

sectional areas were maximum. This was done to evaluate the difference 

in their motion in the most extreme case. 

Three different seed positions and one stone position were used. 

The stones were placed along the head centerline, perpendicular to the 

head face. For the seeds, a similar location was used. The other two 

seed locations were along lines one inch inward from the sides of the 

head, and parallel to its centerline. The average effective distance 

for each test condition was determined by repeating the tests 4-5 times 

using the same seed and stone. 

3.5.2 Negative Pressure Experiments 

As in the positive pressure experiments two variables were fixed, 

and the third was varied for each run. The effective air distance from 

the head face to the material, at which motion of the seeds and stones 

began, was determined. Throughout the tests a single seed or stone was 

used 4-5 times to allow calculation of an average effective air distance 

at which motion was initiated. 



66 

To further evaluate the effect of negative pressure on seed 

movement, the head was altered in three ways. First, a visor was added 

which extended forward above the face of the head. Second, extensions 

the same length as the visor and equal in height to the face opening 

were added to the sides of the head. Finally, in addition to these 

modifications the area between the bottom of the head face and the 

ground was enclosed vertically with a plastic plate, and the sides were 

also extended down to the ground. The plastic plate and the side 

extensions were both fabricated in sections, joined by bolts. This 

allowed them to be adjusted to accommodate various head heights. The 

tests were then repeated on each of the new head configurations, with 

the same measurements being made using the same variables. 

The negative pressure head was also tested in a vertical orientation 

with the face set parallel to the ground surface. Pressures in the 

pipe, both static and dynamic, and the vertical distance from the head 

face to surface required for lifting of seeds and stones, were 

determined. In these trials only large seeds, and small stones were 

used, since these would be the worst conditions encountered in the 

field. 

In another series of trials the head was placed horizontal to the 

surface, and large seeds and small stones were dropped in front of the 

face at various distances from it. The distance of fall and the 

horizontal distance from the head face, at which total capture of the 

material by the head took place, were determined. This was done to 
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study whether a vacuuming head could be used to separate seeds from 

stones. It was thought that if a vacuum head was used to collect the 

seeds together with stones and these were then dumped on a plate on the 

harvester, then another vacuum head could be used to separate them as 

they fell from the plate thus providing a cleaning action. 

To ascertain differences in the amount of dirt picked up from the 

ground, the original and modified vacuum heads used in the other trials 

were evaluated. For the modified head the top visor, sides and 

shielding below the face were in place. Two kinds of soil, sand and 

sandy loam, were chosen because of their similarity to the soil in which 

jojoba typically grows. For the tests the original head height and 

angle were adjusted until the head completely collected all of the seed 

from the ground. Pressure in the pipe was then measured. Five pounds 

of soil were then spread over a rough rubber surface which was pulled 

backward along the ground beneath the head in order to simulate forward 

motion of the head. The depth of the soil was 0.5 in. and the length 

covered was 17 inches. The soil which was not picked up by the head was 

then weighed. The amount of soil collected by the vacuum head was found 

by subtracting the amount remaining from the original five pounds. The 

same experiments were conducted with the closed head using the same 

pressure in the pipe that was recorded for unmodified head. 



68 

3.5.3 Using Positive and Negative Pressure Together 

In this series of tests, observations were made as to the advantages 

and disadvantages of the positive pressure head when used in conjunction 

with the negative pressure head. Measurements of air pressures, head 

heights, and head angles relative to the ground and to each other were 

not made during the trials. This was because it was impossible to 

adjust individual head air velocities since both were connected to the 

same fan. However visual observations of seed motion were made in an 

attempt to determine if using both heads together would improve 

effectiveness of seed harvesting. 
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CHAPTER 4 

RESULTS AND DISCUSSIONS 

4.1 POSITIVE PRESSURE EXPERIMENTS 

Three different sets of experiments were conducted applying positive 

pressure to seeds and stones. In the first set, five different groups 

of experiments were conducted to study the effect of head face velocity 

on seeds and stones by setting head angle and head height in different 

positions for each group. In the second set, effect of head height was 

examined and two experiments were conducted. In these tests head face 

velocity and head angle were assigned different values in each 

experiment. Finally, the effect of head angle on the motion of seeds 

and stones was studied in two experiments, each test utilized a 

different head face velocity and head height. 

4.1.1 Effect of head face velocity of air on seed and stone motion. 

Five tests were set up to determine the effect of air velocity on 

seeds and stones, by measuring the horizontal distance from the head 

face at which there was no initiation of motion. In these tests head 

face velocity, dependent on the dynamic pressure in the pipe, was the 

variable. Each test was conducted with a constant head angle relative 

to the ground, and constant head height from the ground. Results are 

given in Tables 1A through 5A in Appendix Al. Graphs derived from these 

tables are shown in Figures 1A through 5A in Appendix Al following the 

tables. In these graphs the distances plotted for seeds are the 
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centerline distances and the velocities are the head face velocities; 

The units are inches and ft/min. In the tables the data were divided 

with solid lines into sections, by velocity, with the four velocity 

pressure values given in each measured at the four points explained 

previously (Chapter Three). For every seed three different effective 

air distance values are given: the first and third distances were 

measured on the lines one inch inward from the side lines parallel to 

centerline, while the middle distance was determined for the centerline 

of the head. Table 6 presents these data points along with averaged 

dynamic pressures and calculated face velocities. From the obtained 

data it is seen that the effective air distance is generally larger for 

the centerline than the sides. 

Generally, if velocity is increased then the effective distance from 

the head face can be expected to increase. In these tests, it was 

determined that there was in fact a strong linear relationship between 

effective air distance and head face velocity for both seeds and stones. 

R squared values calculated from the linear regressions analyses on 

these centerline distances were greater than 0.90. Results of the 

linear regressions made using a computer program called Quattro are 

shown in Table 7 and Figure 19. From the plots of these linear 

regression equations it was determined that the biggest difference 

between the motion of seeds and the motion of stones was obtained when 

head height was 3.5 in. and head angle was 15 degrees. Average 

predicted difference was 15 inches. 
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Table 6. Combined data points showing changes in effective air distances with head face velocities 
using positive pressure. 

St. Dyn. Vel. of Air Head Head 
Pr. Pr. at Head Height Angle 

Face 

(In. of U.XIn. of W.)(ft/min) (In.) (Degree) 

Effective Dist. Effective Dist. 
for Seeds for Stones 

Lg Med Sm Lg Sm 
C R L C R L C R  

(Inches) (Inches) 

Temperature * 32UC; Relative Humidty « = 62% 
0.3075 0.2327 1960 3.5 15 • 14 - 0 16 - 16 18 15 - -

0.415 0.345 2108 ii 11 16 18 16 17 19 18 18 21 18 . • 

1.0 0.72 3095 ii ii 43 44 42 36 39 35 30 38 31 20 30 
1.19 1.01 3660 ii ii 48 53 46 50 53 48 44 55 46 30 36 
1.255 1.345 4239 ii ii 58 63 61 59 54 59 68 67 66 43 46 

Temperature * 32°C; Relative Humidity = 62X 
0.2525 0.3675 2243 1.75 9 10 17 11 13 17 14 13 19 14 7 10 
0.3275 0.5725 2602 ii ii 17 19 18 16 26 17 19 25 22 9 11 
0.455 0.805 3239 ii ii 31 34 32 33 38 34 32 35 31 22 27 
0.785 1.915 5001 ii ii 75 80 75 79 81 79 80 83 80 30 33 
0.945 1.395 4083 ii 11 48 50 48 51 52 48 53 59 41 25 31 

Temperature = 30°C; Relative Humidity = 67X 
0.75 0.45 2422 2.875 48.5 13 15 13 13 16 14 14 17 13 6 7 
0.9925 0.5475 2620 ii ii 18 19 17 20 23 16 22 21 19 10 11 
1.185 0.795 3207 ii ii 24 22 20 24 26 23 26 27 24 11 13 
1.19 1.11 3813 ii ii 25 28 24 30 37 28 31 34 27 15 21 
1.8825 1.2175 3992 ii ii 33 36 33 37 36 37 38 38 39 19 22 

Temperature = 30°C; Relative Humidity = 67% 
0.5325 0.3475 2108 3 26 10 14 9 16 17 16 19 21 17 - 6 
0.9975 0.6225 2844 ii 11 20 24 19 23 2 26 30 28 25 5 11 
1.3175 0.8425 3319 ii ii 29 31 29 26 23 26 19 24 10 15 17 
1.04 1.39 4334 ii ii 33 36 33 35 43 36 37 46 37 22 25 
1.555 1.445 4351 ii ii 44 46 41 41 46 40 49 45 43 25 32 

Temperature = 30°; Relative Humidity = 67% 
0.3275 0.2725 1902 1.5 23 10 13 12 11 14 12 12 15 11 • 4 
0.4 0.38 2225 ii ii 18 19 17 17 19 17 19 21 20 7 13 
0.48 0.48 2494 •i ii 19 23 19 22 27 21 24 26 23 11 14 
1.11 1.11 3786 ii ii 44 43 42 49 48 48 45 48 44 24 26 
1.39 1.31 4127 ii •i 47 50 47 47 53 46 50 49 50 25 35 

( - No initiation of motion) 

(L - Left, C-Center, R-Right) 
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Table 7. Regression analyses of effective air distance as a function of 
head face velocity for various head heights and angles. 

Head Head 
Height Angle 

Coefficient InterceDt E? (In,) (decree} Material 

0.020 -22.07 0. 99 3. ,5 15 Seed 

0.018 -34.85 0. 98 3. ,5 15 Stone 

0.022 -33.37 0. 98 1. .75 9 Seed 

0.008 -9.35 0. 91 1, .75 9 Stone 

0.012 -12.20 0. 94 2. .875 48.5 Seed 

0.007 -9.59 0. 90 2, ,875 48.5 Stone 

0.013 -14.12 0. 99 3 26 Seed 

0.010 -17.26 0. 98 3 26 Stone 

0.018 -18.91 0. 99 1. ,5 23 Seed 

0.011 -18.07 0. 96 1, .5 23 Stone 



Dashed lin? 
Solid line : 

: Seeds 
Stones 

Hcight=3.5 in. :Angle=15 d. 
Height=1.75in. :Angle=9 d. 
Height=2.875in. :Angle=48.5 d. 
Height=3in. :Angle=26 d. 
Height^ I.SOin. :Angle=23 d. 

"4000 1000 2000 3000 
Head face velocity (ft/min) 

Figure 19. Predicted effective air distances 
as a function of head face velocity 
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4.1.2 Effect of head angle on seed and stone motion 

In these experiments the angle of the head relative to the ground 

was varied while the pressures in the pipe and the height of the head 

from the ground remained constant within each set. Temperature and 

relative humidity were accepted as constant throughout the tests. Under 

these conditions, effective air distance was measured for medium-sized 

seed and small-sized stones along the centerline of the head. Data 

obtained are given in Tables 6A and 7A in Appendix A2. Two dimensional 

graphs showing the relationship between angle (degrees) and effective 

air distance (inches) are also given in the same appendix, following 

each table. 

The data show that as head angle increases, the effective air 

distance decreases. From the figures it can be seen that generally 

there is a linear relation between the head angle and the effective air 

distance. It is also clear that compared to air velocities, head angle 

has less influence on the effective air distance. The combined data for 

these tests are given in Table 8. Again the dynamic pressures were 

averaged and the face velocities were calculated for each test set up. 

Linear regression analyses for these data along with the fixed variables 

for each test are given in Table 9. R squared values were greater than 

0.77. Plots of the regression lines are given in Figure 20. It can be 

seen in this figure that the biggest predicted difference between seed 

and stone motion was obtained when the head face velocity was 3723 ft/m, 

and the head height was 2.875 in. The difference is almost 23 inches. 
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Table 8. Combined data points showing the changes in effective air distances with head angles using 
positive pressure 

St. 
Pr. 

In. of U. 

Dyn. VeL. of Air 
Pr. at Head 

Face 
XIn. of W.Xft/min) 

Head 
Height 

(In.) 

Head 
Angle 

(Degree) 

Effective Dist. 
for Seeds 

M 
(Inches) 

Effective Dist. 
for Stones 

S 
(Inches) 

Temperature • 28"C; Relative Humidity * 65% 
1.3B 1.05 3723 2.875 53 41 20 

ii ii ii «i 39 44 23 
ii ii ii •i 28 48 24 
ii ii ii ii 21 54 28 
ii n ii ii 12 59 30 
ii ii ii n 10 60 37 

Temperature * 27.5°C; Relative Humidity = 68% 

0.7325 0.6375 2871 2 55 30 15 
ii ii ii ii 42 32 16 
n ii ii ii 33 36 16 
ii ii ii ii 27 39 20 
ii ii ii ii 20 42 21 
ii ii ii •i 18 44 22 
ii ii ii ii 9 53 30 

( - No initiation of motion) 



76 

Table 9. Regression analyses of effective air distance as a function of 
head angle for various head face velocities and head heights. 

Head face Head 
Velocity Height 

Coefficient Intercept fft/min') (in.) Material 

-0.47 63.64 0.95 3723 2.875 Seed 

-0.33 35.10 0.81 3723 2.875 Stone 

-0.48 53.32 0.90 2871 2 Seed 

-0.29 28.52 0.77 2871 2 Stone 



* 

Doshed line 
Solid line 

: Seeds 
Stones 

Vel.=3723 ft/'min 
vel.=2871 tt/min 

Height=2.675 in. 
Height=2 in. 

10 20 
Head anqle (deq.) 

i 
30 

igure 20. Predicted effective air distances 
as a function of head angle 



4.1,3 Effect of head height on seed and stone motion 

In this set of experiments the variable was the height of the head 

from ground. Angle of the head and pressures in the pipe were constant 

for each set of data. Medium sized seeds and small sized stones were 

used in the tests because this was considered to be the most common case 

in actual field conditions. The data collected is given in Tables 8A 

and 9A in Appendix A3; graphs illustrating the relationship between the 

head height and effective air distance are given in Figures 8A and 9A 

respectively in Appendix A3. The combined data points for these tests 

are given in Table 10. It becomes obvious from these tests that head 

height has no significant effect on effective air distance over the 

range tested. Rather other variables not measured, such as friction 

between seeds and surface, were more important than the height of the 

head. Linear regression analyses of these data along with the fixed 

variables for each test are given in Table 11. Only in one instance, 

that being for seeds at a head angle of 20 degrees, did the regression 

indicate a relationship between the variables. In the other cases R2 

was less than 0.05. The regression lines are plotted in Figure 21. 

Overall it can be concluded that head height has no significant effect 

on effective air distance. 
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Table 10. Combined data points showing the changes in effective air distances with head heights 
using positive pressure. 

St. Dyn. Vel. of Air Head Head Effective Dist. Effective Dist. 
Pr. Pp. at Head Height Angle for Seeds for Stones 

Face 
Angle 

H S 
In. of U.)(In. of U.)(ft/min) (In.) (Degree) (Inches) (Inches) 

Temperature * 27.5U; Relative Hunidity - 4SX 
0.6025 0.8675 3364 1.125 20 50 24 

ii ii ii 1.5 ii 48 23 
ii ii ii 2 ii 48 22 
n ii ii 2.75 ii 44 27 
n ii ii 3.5 ii 43 23 
ii ii ii 4 ii 42 24 
11 ii ii 5 ii 51 • 

ii ii ii 6 ii 52 -

Tenperature « 27.5°C; Relative Humidity * 68X 
0.9425 0.8775 3373 5 30 37 18 

ii 11 •1 3.75 ii 44 20 
ii ii ii 3.25 ii 42 22 
ii ii ii 2.75 ii 48 23 
n ii ii 2.25 •1 45 23 
n ii ii 1.25 •1 37 18 

- No initiation of motion) 
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Table 11. Regression analyses of effective air distance as a function 
of head height for various head face velocities and head 
angles. 

Head face Head 

E? 
Velocity Angle 

Coefficient InterceDt E? (ft/min) (deeree) Material 

-0.93 43.46 0.01 3373 30 Seed 

-0.38 21.83 0.04 3373 30 Stone 

-2.79 52.76 0.95 3364 20 Seed 

0.27 23.17 0.03 3364 20 Stone 
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Figure 21. Predicted effective air distances 
as a function of head height 
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4.1.4 Three dimensional analysis of data. 

All of the data recorded during the positive pressure tests, 

including the head face velocity, head height, and head angle trials for 

medium-sized seeds and small-sized stones was combined in Table 10A in 

Appendix A4. By using a computer program called Surfer, three 

dimensional surfaces were obtained from this data. Figure 10A1 shows 

the surface created for effective air distance as a function of head 

face velocity and head height for stones. Figure 10A2 illustrates the 

surface for effective air distance as a function of head face velocity 

and head angle for stones. Figures 10A3 and 10A4, respectively, show 

the surfaces created using the same variables for the seeds. The 

vertical scale for the seed plots is half that of the scale used for the 

stone plots. Best fit equations that represent the surfaces presented 

in these plots were obtained by multiple regression analyses using a 

program called Minitab. These equations, plotted in Figures 22 to 25 

respectively, along with their R2 values are: 

Dist. - -120+37.3xln(Vel)-3.07xHeight (10A1); R® - 64.9. 

Dist. - -116+36xln(Vel)-0.234xAngle (10A2); R2 - 61.8. 

Dist. - -177+54.8xln(Vel)-0.33xHeight (10A3); R2 - 68.1. 

Dist. - -140+55.7xln(Vel)-12.9xln Angle (10A4); R2 - 82.2. 

(The units of the velocity was ft/sec.) 
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Figure 22. Regression surface obtained for effective air distance 
versus head face velocity and head height while using 
positive pressure on stones. 
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Figure 24. Regression surface obtained for effective air distance 
versus head face velocity and head height while using 
positive pressure on seeds. 



Figure 25. Regression surface obtained for effective air distance 
versus head face velocity and head angle while using 
positive pressure on seeds. 
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Two other equations were obtained using multiple regression analysis. 

In these cases head face velocity, head angle, and head height were the 

independent variables, and effective air distance was the dependent 

variable. 

Dist. - -138-13.2xln(Angle)+56.4xln(Vel)-1.10xHeight (seed) 
R 2  -  8 2 . 8 .  

Dist. - -95-8.45xln(Angle)+38.2xln(Vel)-3.55xHeight (stone) 
R2 - 75.5. 

(The units of the velocity was ft/sec.) 

The equations given above for the responce surfaces show that 

although head height does not affect effective air distance much, angle 

makes a significant contribution. This was also shown in Figures 6A and 

7A and again in Figures 23 and 25. In general, from the surface plots 

it can be said that head height over the range tested has no significant 

effect on effective air distance while using positive pressure, however 

effective air distance increased with increasing head angle and head 

face velocity while using stones. 

4.2 NEGATIVE PRESSURE EXPERIMENTS 

Several sets of experiments were conducted using negative pressure. 

Different heads were used to study the initiation of motion of seeds and 

stones as a function of various operating parameters. A tapered head 

was also used while oriented both vertically and horizontally in order 

to study the aerodynamic behavior of seeds and stones. In addition, a 
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modified head was compared to a tapered head to determine the amount of 

soil picked up by each. 

4.2.1 Vertical Orientation of Negative Pressure Head 

The tapered vacuum head was oriented vertically, and the distance 

from the head face to the ground when complete collection of large size 

seeds and small size stones took place was determined for various head 

face velocities. Data recorded are given in Tables IB and 2B in 

Appendix B1 while graphs of the data are given in Figures IB and 2B. 

Observation of the data shows that only a small difference in the 

vertical distances for seeds and stones exists. This slight difference 

in distance when applied to actual field conditions is probably not 

sufficient to allow picking of only seeds from the ground once surface 

irregularities are encounterd. To obtain a greater difference between 

the point at which seeds and stones are picked up might be achieved by 

increasing head height, however the corresponding increase in required 

air velocity could prove impractical. 

4.2.2 Horizontal Orientation of Negative Pressure Head 

The tapered head was set parallel to the ground with a five-inch 

clearance between the bottom of its face and the test surface. Large 

seeds and small stones were dropped in front of the head face area and 

the maximum horizontal and vertical distances between the head face and 

the starting point of free fall required for a total collection of each 
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was determined. Recorded data are given in Table 3B in Appendix B2. 

From the data it can be seen that there is a difference between seeds 

and stones in terms of vertical distance, but not in terms of horizontal 

distance. From this data it was concluded that in a moving machine with 

a lot of vibration, the horizontal orientation of the head will be 

useless as a cleaner to separate seeds from stones. 

4.2.3 Tests with tapered head 

A schematic diagram of this head is given in Figure 26. Using this 

head, the effect of head face velocity on seeds and stones was examined. 

Head height and head angle were constant during the experiments. 

Collected data are given in Tables 4B through 9B in Appendix B3. In 

some cases the tables include a note, below the distances, which says 

"cannot pick up". This indicates that although motion of seeds or 

stones was found, they were not picked up under this test condition. If 

no distances are given, it is understood that for that particular set of 

conditions, neither seeds nor stones were moved. Tables 8B and SB were 

used to create graphs showing the relationships between head face 

velocities and effective air distances. These are given in Figure 8B 

and 9B in Appendix B3. From the figures it is obvious that the 

effective air distance increases with increasing head face velocity. 

However, the graphs do not show a linear relationship between effective 

air distance and head face velocity, indicating that other unmeasured 

variables and experimental error may have more effect than those 
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considered. Some unmeasured variables were friction forces between the 

material and the ground, and surface irregularities. Regression 

equations could be obtained, but they were considered to be too complex 

for practical use. 

In some cases, seeds and stones did move toward the head, but at a 

distance of 0.5 inches from the head their motions became chaotic, and 

they were not picked up. If one threw these seeds toward the head then 

the head picked up the seeds. This difference was probably due to the 

bouncing motion of the thrown seeds which brought them closer to head, 

and caused them to be picked up. 

Figure 26. Tapered head. 
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From the data collected, it was determined that the head must be 

positioned very close to the ground, between 0.5 and 1.25 inches, to be 

effective. However, under these conditions it was difficult to separate 

the seeds from the stones during picking. Adding the irregularity of 

surface found under normal field conditions, the separation during 

picking would be impossible. 

4.2.4 Tests with the tapered head having a visor. 

A schematic drawing of this head is given in Figure 27. By adding a 

visor to the head, it was thought that the effective air distance would 

increase, and the seeds might have more acceleration than stones because 

of their shape and smoothness. Trials showed, however, that the 8 inch 

visor did not help much, as the motion of the seeds and stones was very 

similar to the motion in the first set of experiments with the tapered 

head. Because of this situation no data was collected from these 

trials. 

Figure 27. Tapered head with a visor. 
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4.2.5 Tests with the tapered head having a visor and sides closed. 

A schematic diagram of this head is shown in Figure 28. In addition 

to the visor, the sides of the head were enclosed with extensions the 

height of the head face and the length of the visor. 

Figure 28. Tapered head with visor and sides closed. 

4.2.5.1 Effect of head face velocity on seed and stone motion 

The test variable was head face velocity, while head height and head 

angle were held fixed. Four sets of experiments, each at a different 

angle and height, were conducted using this procedure. The data 

collected are presented in Tables 10B through 13B, while the related 

graphs are given in Figures 10B through 13B in Appendix B4 respectively. 

From the figures it can be seen that effective air distances for seeds 
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and stones increased with head face velocities except in Figure 12B. In 

these tests, the seeds always had a motion toward the head, however, 

they were not picked up when head height was greater than two inches. 

During this series of tests it was observed that if the sides of the 

head were extended to the ground, the seeds would be successfully picked 

up by the head. Since this concept appeared to hold promise an 

additional series of trials were conducted with the full sides in place. 

Data from the tests are given in Table 12 for both medium-sized seeds 

and small-sized stones. Linear regression analyses of the data was 

performed for the medium sized seed and small sized stones. The results 

are given in Table 13, while plots of the regression equations are shown 

in Figure 29. 

From Figure 29 it can be seen that the seeds showed a similar 

pattern to each other for each test condition. The best results were 

obtained, in terms of differences in seed and stone motion, when the 

head height was 3 inches and head angle was 12 degrees. 
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Table 12. Combined data points showing changes in effective air distances with head face velocities 
using negative pressure. 

St. Dyn. Head Head Head Effective Distances Effective Distances 
Pr. Pr. Face Height Angle for Seeds for Stones 

Velocity L H S L S 
(In. of U.)(In. of W.)(ft/min) (In.) (Degree) (Inches) (Inches) 

7.2 1.325 7766 3.125 22 4 4.5 4.75 . 
10 1.716 8845 •1 ii 4.25 4.75 5 - 1, .5 
12.6 1.853 9353 ii n 4.75 5 5.5 _ 2 
14.2 2.04 9640 ii ii 4.875 5.5 5.75 - 2 

7.7 1.275 7695 2.5 39 4.5 4.5 4.75 . 1, .5 
9.6 1.73 8922 tl ii 4.75 5.25 5.875 2 3, .75 
13 1.90 9387 ii ii 5.25 5.5 6 3. ,75 4. .5 
14.3 2 9649 ii ii 5.5 6 6.5 4 4. .75 

12.3 2.015 9640 3 12 6.5 6.75 7.25 . 
13.6 2.175 9928 •• ii 7 6.5 7.5 . 3 
14.7 2.275 10012 it ii 7.75 8 8.75 - 4 

6.8 1.30 7611 2 28 5 5.5 5.75 - 4. .875 

10.5 1.446 8236 ii ii 5 5.5 6.25 4. ,5 4. .25 
8.7 1.575 8372 ii 28 4.875 5 6 4 5 

.25 

12.7 1.937 9471 ii ii 5.75 6 6.75 4. ,5 5 471 

( - No initiation of motion) 



Table 13. Regression analyses of effective air distance as a function of 
head face velocity for various head heights and head angles. 

Head Head 

£f 
Height Angle 

Coefficient Intercept £f fin,) (<tegiTee) Material 

0.0004 0.75 0.81 3.125 22 Seed 

0.0011 -8.72 0.96 3.125 22 Stone 

0.0007 -0.96 0.95 2.5 39 Seed 

0.0017 -11.55 0.99 2.5 39 Stone 

0.0003 2.92 0.33 2 28 Seed 

0.0001 3.51 0.07 2 28 Stone 

0.0006 0.84 0.03 3 12 Seed 

0.0008 11.70 0.83 3 12 Stone 
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9000 

Figure 29. Predicted effective air distances 
as a function of head face velocity 
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4.2.5.2 Effect of head height on seed and stone motion. 

In these tests, head height was varied, with head face velocity and 

head angle set at constant values. Two sets of experiments were 

conducted under these conditions. Recorded data are given in Tables 14B 

and 15B in Appendix B5 along with the related figures, 14B and 15B. It 

can be seen that when height was increased, the effective air distances 

decreased for stones. For the seeds the distances decreased at the 

higher angle, but did not for the lower angle. 

The combined data points taken during these trials are given in 

Table 14. Using these data, linear regression analyses were made. 

Results of these analyses are given in Table 15, and are plotted in 

Figure 30. The largest difference between seed and stone motion was 

obtained when the head face velocity was 9857 ft/min. and the head angle 

was 14 degrees. 
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Table 1A. Combined data points showing changes in effective air distances with head heights using 
negative pressure. 

St. Dyn. Head Head Head Effective Distances Effective Distances 
Pr. Pr. Face Height Angle for Seeds for Stones 

. of U. 

Velocity 

)(In. of U.Xft/mln) (In.) (Degree) 

L N 

(Inches) 

S L S 

(Inches) 

13.2 2.1 9857 1.25 14 8 7.5 7.5 4 5.25 
(i ii ii 1.625 ii 6 6.5 7 4.5 5 
ii ii ii 2 m 3.75 4.5 5.5 3.25 4 
ii ii ii 3 ii 6 6 6.5 2.75 3 

14.8 2.1 9857 1.25 25 6.5 6.75 7 4.5 5 
n 11 ii 2 n 5.5 6 6.75 3 4.75 
ii 11 ii 2.5 ii 4.75 5.75 6.25 3 
ii ii ii 3.125 ii 2.75 3.5 4.5 1.5  

( - No initiation of motion) 
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Table 15. Regression analyses of effective air distance as a function 
of head height for various head face velocities and head 
angles. 

Head face Head 

Ef 
Velocity Angle 

Coefficient Intercent Ef (ft/pin) (decree) Material 

-1.62 9.10 0.84 9857 25 Seed 

-1.95 7.89 0.89 9857 25 Stone 

-0.76 7.63 0.21 9857 14 Seed 

-1.34 6.95 0.95 9857 14 Stone 
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4W#Vel.=9857 ft/min 
^bbbw-Vel.=9857 ft/min 

Angle=14 d. 
Angle=25 d. 

Dashed line 
Solid line 

: Seeds 
Stones 

~r 
3 

Head height (in.) 

Figure 30. Predicted effective air distances 
as a function of head height 
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4.2.5.3 Effect of head angle on seed and stone motion. 

In two sets of tests effective air distances for seed and stone 

motion were determined by varying the head angle and setting the head 

face velocity and head height at fixed values. Collected data are given 

in Tables 16B and 17B together with the related graphs shown in Figures 

16B and 17B, in Appendix B6. 

The combined data points are given in Table 16 along with the 

calculated face velocities. Linear regression analyses made for these 

two sets of experiments are given in Table 17, while the regression 

lines are plotted in Figure 31. The greatest difference in seed and 

stone motion was obtained when velocity was 9217 ft./min. and height was 

1.5 inches. It can also be seen that effective air distances decreased 

with increasing head angle for both seeds and stones. 
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Table 16. Combined data points showing changes in effective air distances with head angles using 
negative pressure. 

St. Dyn. Head Head Head Effective Distances Effective Distances 
Pr. Pr. Face Height Angle for Seeds for Stones 

Velocity 
Height 

L H S L S 
(In. of W. )(In. of U.)(ft/min) (In.) (Degree) (Inches) (Inches) 

12.4 1.812 9217 1.5 30 £.5 7.25 7.25 4.5 5.25 
ii ii ii ii 22 6.5 6.75 7 4.75 5.5 
ii ii ii ii 17 7 7.5 7.5 5 5.75 
ii n ii ii 12.5 6.75 7.25 7.25 5.25 5.5 

14.6  2.108 9860 2 33 5.25 6.25 6.5 3.5 4.5 
ii ii ii ii 18 6 6.5 7 3.75 5.5 
n ii ii n 16 6.25 6.5 7.25 4.5 5.25 
ii ii ii ii 14 6.75 7.25 7.75 4 5.5 

( - No initiation of motion) 
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Table 17. Regression analyses of effective air distance as a function 
of head angle for various head face velocities and head 
heights. 

Head face Head 
Velocity Height 

Coefficient Intercent E~ (ft/min) (in.) Material 

-0.0098 7.39 0.05 9217 1.5 Seed 

-0.0192 5.89 0.50 9217 1.5 Stone 

-0.0350 7.33 0.49 9860 2 Seed 

-0.0520 6.24 0.90 9860 2 Stone 



Dashed line : Seeds 
Solid line : Stones 

>jogg^vel.-ybbU tt/min :Height=2 in. 
=92 17 tt/min :Height=1.5 in. 

10 20 
Head angle (degrees) 

Figure 31. Predicted effective air distances 
as a function of head angle 
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4.2.5.4 Three dimensional analysis of all collected data. 

All of the data recorded in the tests using the tapered head having 

the visor and sides were combined and are presented in Table 18B in 

Appendix B7. Using this data a commercial software package called 

surfer, three dimensional surfaces were obtained. These surfaces are 

given in Figures 18B1 through 18B4 for seeds and stones. The effective 

air distance is the dependent variable in all surfaces. The best fit 

equations found by multiple regression analysis follow, together with R2 

values. 

Dist. - 4.57+0.000462xVel-2.21xHeight (Small Stone); R2 - 72.3 

Dist. - -27.2+6.05xln(Vel)+0.0232xAngle (Small Stone); R2 - 6.6 

Dist. - 2.17+0.000613xVel-0.838xHeight (Medium Seed); R2 - 42.4 

Dist. - 3.12+0.000407xVel-0.0413xAngle (Medium Seed); R2 - 26.9 

For these regression equations response surfaces were drawn using 

the same program. These surfaces are given in Figures 32, 33, 34 and 35 

respectively for the above four equations. Observation of these 

surfaces shows that head angle has no significant effect on seed and 

stone motion. Both head height and head face velocity have a strong 

effect on effective air distances. 

Also, two other multiple regression analyses were made, using head 

face velocity, head height and head angle as independent variables and 

effective air distance as the single dependent variable. Results of 



Figure 32. Regression surface obtained for effective air distance 
versus head face velocity and head height while using 
negative pressure on stone. 
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Figure 33. Regression surface obtained for effective air distance 
versus head face velocity and head angle while using 
negative pressure on stones. 



Figure 34. Regression surface obtained for effective air distance 
versus head face velocity and head height while using 
negative pressure on seeds. 



Figure 35. Regression surface obtained for effective air distance 
versus head face velocity and head angle while using 
negative pressure on seeds. 
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these regressions are given for seeds and stones along with the R2 

values in the following. 

Dist. - 5.17+0.000386xVel-0.0399xAngle-0.828xHeight (Seed); R2 - 50.3 

Dist. - 2.54+0.000615xVel+0.0270xAngle-2.22xHeight (Stone); R2 - 73.8 

4.2.6 Test with the tapered head having the sides, top and back closed. 

Observation of test results to this point indicated that the most 

effective factor for increasing effective air distance, and hence 

providing acceleration to both seeds and stones was to extend the head 

face as much as possible. For example, when a tapered head was used 

alone effective air distances varied from 3 in. to 5 in. for seeds, but 

when a tapered head with a visor and closed side was used effective air 

distances ranged from 4 in. to 8.75 in. for seeds. 

The previous tests had also shown that for efficient separation of 

seeds from stones during the collection process, the head should be held 

as high as practical. This latter conclusion can easily be seen by 

examining the data taken during all of the negative pressure 

experiments. When the negative pressure heads were used very close to 

the ground, separation of seeds from stones was almost impossible, as 

the effective air distances were similar for each material. As height 

increased the effective air distances for each material changed. 

To expand in this concept a belting between head face and ground was 

added to prevent effect of vacuum from this opening and sides were 
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extended to the ground to increase the effect of vacuum in front of the 

head face. This head is illustrated in Figure 36. 

Figure 36. Tapered head with a visor and sides, back closed. 

Using the tapered head with the sides, top and back closed, two sets 

of experiments were conducted. Data collected to determine the 

effective air distance on seeds and stones while varying air velocity, 

with the other variables fixed, are given in Tables 19B and 20B in 

Appendix B8. From the data it can be seen that increasing the air 

velocity at the head face increases the effective air distance for both 

seeds and stones. It can also be seen that there is a significant 

difference between seed and stone motion. Graphs obtained from these 

tables showing the relationship between air velocities and effective 

distances are given in Figure 19B and 20B in Appendix B8 following the 

tables. Regression analyses of the collected data along with the fixed 

variables for each test are given in Table 18. Regression lines are 
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plotted in Figure 37. As can be seen from these lines, the effective 

air distances increased with the increasing head face velocities. The 

effective air distances increased for both seeds and stones when 

compared to the effective air distances obtained during the previous 

negative pressure experiments. Also using this head, as head height was 

increased from 4 to 4.375 inches, effective air distances between seeds 

and stones was found increased. This would help to seperate seeds from 

stones in picking. 

4.3 Final Design of Vacuuming Head 

From the experiments, it was found that the tapered head was the 

most efficient if the top, sides and the vertical area between the 

ground and the bottom of the head face were enclosed. In order to 

assure consistency of results, the tapered head used in the previous 

experiments was modified to include these changes while making it more 

practical for field use. A schematic drawing of this head is given in 

Figure 38. The vertical area between the head face and the ground was 

enclosed using individual rectangular sections closely spaced but not in 

contact with one another. A piece of plastic belting behind the slices 

was used to help seal the gaps. This head was designed to allow the 

slices to work like a ramp when pulled forward by the vacuum. With the 

addition of a horizontal strip of metal extending across the lower face 

of the head, the forward motion of the slices was limited and thus 

prevented them from being pulled up into the face area and blocking the 
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Table 18. Regression analyses of effective air distance as a function 
of head face velocity for various head heights and angles. 

Coefficient Interceot E? 

Head 
Height 
(in.) 

Head 
Angle 
(decree} Material 

0.00057 4.52 0.78 4.375 25 seed 

0.00055 2.62 0.77 4.375 25 stone 

0.00069 3.86 0.85 4.000 17.5 seed 

0.00100 -0.51 0.93 4.000 17.5 stone 



12 -i  

Dashed line : Seeds 
Solid line : Stones 

i I i i i Height=4.375 in. 
Height=4 in. 

: Angle=25 d. 
: Angle=17.5 d. 

7500 8500 9500 10500 
Head face velocity (ft/min) 

Figure 37 Predicted effective air distances 
as a function of head face velocity. 
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opening under the effect of vacuum. The concept behind the design was 

that if one or more of these slices contacted obstacles, only those 

slices would move backward and allow passage over the obstacle, while 

the rest would remain in the ramp position. The height of the slices 

was shorter than the side enclosure of the head to prevent them from 

dragging along and digging into the ground. Both of the side sections 

and the back slices were designed with an upper part and lower part, 

held together by bolts. This design allowed their lengths to be 

adjusted and permitted the evaluation of different head heights. An 

actual field model would have solid sections. 

d 

Figure 38. Final vacuuming head. 

(a: Visor and sides; b: slices; c: belting; d: metal strip.) 

4.4 Comparison of The Original Tapered Head To the New Head 

The two heads were compared in terms of the amount of soil picked up 

by each. Recorded data are given in Table 19 for sandy soil, and in 

Table 20 for sandy loam soil. Results of the t-test performed on both 

sets of data are given following the tables. For both soil types the 
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average amount of soil picked up by the new head was significantly less 

than the amount of soil picked by the original tapered head. 

Table 19. Amount of sand collected with old and new vacuuming head. 
(Every sample is 5 pounds) 

Angle of new head - 21°; Angle of old head - 21°; Height of new head -
3.5 inches; Height of old head - 0.5 inch. 

Soil remaining Soil remaining 
Stat. Pr. Velocity Press. Head Face using using 

(in. W.) 
Velocity neu head Diff. old head Diff. 

(in. W.) (in. W.) (ft./min.) (pound) (pound) (pound) (pound) 

2.30 1.24 4.358 (a 2 3.359 1641 
10 2.38 1.51 9776 4.600 400 3.130 1870 

2.54 1.70 3.958 1042 3.045 1955 
2.43 1.83 4.180 820 3.065 1935 

3.730 1270 3.255 1745 
3.951 1049 3.000 2000 
4.040 960 3.010 1990 
4.452 548 3.475 1525 
4.100 900 3.320 1680 
3.959 1041 3.200 1800 

Table 20. Amount of sandy loam collected with old and new head. 
(Every sample is 5 pounds) 

Angle of new head - 13°; Angle of old head - 20°; Height of new head - 4 
inches; Height of old head - 1 inch. 

Soil remaining Soil remaining 
Stat. Pr. Velocity Press. Head Face using using Velocity Press. 

Velocity new head Diff. old head Diff. 
(in. U.) (in. U.) (ft./min.) (pound) (pound) (pound) (pound) 

2.4 1.9 2630 2370 3030 1970 
12.8 2.55 2.30 10740 2580 2420 3210 1790 

2.9 2.60 3220 1780 3770 1230 
2.9 2.50 3320 1680 2850 2150 

3320 1680 3170 1830 
3140 1860 3270 1730 
3500 1500 2960 2040 
3670 1330 2740 2260 
3470 1530 3510 1490 
3635 1365 3040 1960 



/xx, n2 - Averages of samples 

<?„-! - Standard deviations of samples 

nlt n2 - Sample sizes 

Sp - Pooled standard deviation 

ta - t value from table depending d.o.f and 

d.o.f - Degree of freedom 

a - Confidence coefficient 

He - Null hypothesis 

Hx - Alternative hypothesis 

t - Calculated t value 

Using the data in Table 19: 

New Old 

Mi - 867.2 nz - 1814.1 

- 266.42 <?„_! - 163.160 

1.962x266.422 1.962xl63.1602 

ni " 200s n2 " 200s 

nx - 6.79 n2 - 2.55 

266.42+163.160 
Sp - - - 14.6557 

ta - 2.101 a - 0.05 
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d.o.f - 18 

Ho : Mi - Hz 

Hi : A»i J1 Hz 

1814.1-867.2 
t 144.42 

14.66 -

| 11 >S We have to reject Hq, in favor of H1( because averages are 
different. 

Using the data in Table 20: 

New Old 

/x, - 1751.5 Hz - 184.5 

<pn., - 378.82 V^-1 - 307.83 

If we say that error will be 0.2 pounds then 95% C.I. 

(1.96)2+3502 (1.96)2X3002 

ni 11.7649 n2 - - 8.64 
2002 2002 

Ho : - 0 378.82+307.83 
Sp - 5 " 22'45 

Hi : -/*2 71 0 

|1751.5-1845| 
t 9.312 

1 
22.45 ^ 

ta (from table) - 2.101 
alfa - 0.05 
d.o.f. - 18 

|t|>ta We have to reject Ho because averages are different. 
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4.5 Tests Using Positive and Negative Pressures Together 

In these tests, the positive pressure head was set to blow air 

toward the face of the vacuum head. This was done since the previous 

negative pressure experiments had shown that if one gives an 

acceleration to the seeds, then the vacuuming head tends to pick up the 

seeds better. Positive and negative pressures in the tests were not 

independent of each other because only one fan was used to supply both. 

For this reason only a qualitative study was done, and a limited range 

of pressures was investigated. 

From the tests it was determined that the positive pressure head 

must be set close to the vacuuming head, since the seed path under the 

effect of positive pressure cannot be controlled, and could cause seeds 

to be blown away. On the other hand, positioning of the positive 

pressure head further from the vacuuming head could increase the picking 

width of the vacuum head since it could act as a windrowing mechanism. 

However under field conditions surface irregularities, may make it 

impossible to control the path of the seeds. 

It was also found that the positive pressure must have a low value 

to allow the vacuum head to work efficiently, and avoid pushing the 

slices backward on the negative pressure head. Because of experimental 

conditions when the positive pressure was lowered to correct this 

problem, the negative pressure decreased simultaneously due to the use 

of a single fan. This reduced the negative pressure to a value which 



120 

was too low to draw in the seeds into the head and hence the two head 

combination still did not function adequately. 
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CHAPTER 5 

A NONSTATIONARY EXPERIMENTAL UNIT 

5.1 NONSTATIONARY UNIT 

It was learned, from the tests done with the stationary unit, that 

using the specially designed negative pressure head shown in Figure 38, 

that the effective air distance for seeds was sufficiently greater than 

that for stones. This permitted the seeds to be picked up without 

collecting stones. Additionally, because of the increased height of the 

head from the ground, compared to the tapered head, the amount of soil 

picked up was also decreased. 

The question was, would this head work in a nonstationary case, that 

being in a practical field situation? To answer this question, a 

nonstationary experimental unit was constructed. A side view of this 

unit is given in Figure 39 and a front view is given in Figure 40. 

5.1.1 Components of the nonstationary unit and operation 

In designing the unit all of the components were chosen to be as 

simple as possible, and available materials were used whenever possible. 

For these reasons the cost of experimental unit was minimal. 



Figure 39. Side view of the nonstationary experimental unit: 

(a: Blowing head; b: Vacuuming head; c: Separation box; 

d: Blowing fan; e: Vacuuming fan) 
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Igure AO. Front view of the turns tationary experimental unit, 

(a: Blowing head; b: Vacruumlng head; c: Pipes 

d: Lifting cylinder; e: Hydraulic motor and rotary valve) 
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Major components of the experimental unit were: an engine to run the 

hydraulic system and fans, two fans, one to supply positive and the 

other to supply negative pressure, a negative pressure head, a positive 

pressure head, a wooden box set between the negative pressure fan and 

the vacuum head which acted both as an expansion chamber and for storage 

of the collected material, pipes to connect the various components in 

the pneumatic system, and a rotary valve located on the lower part of 

the box which released the collected material. Also, included on the 

front of the machine were a cylinder to lift the heads and a hydraulic 

motor to drive the rotary valve. A jack shaft and belt system was used 

to transmit power from the engine to the fans. Dimensions of the pipes 

and heads were based on the design of stationary unit, with the same fan 

used for the negative pressure system as was used on the stationary 

unit. This was done to permit comparison between the stationary and 

nonstationary units. 

As can be seen in Figures 40, the seeds were to be windrowed by the 

positive pressure head using air from the front fan, and then were to be 

picked up by the vacuuming head and transferred through the pipes into 

the box in front of the fans. The rotary valve attached to the lower 

part of the box allowed seeds and the heavier material to be released, 

while the lighter debris and dirt were carried out the top of the box 

and through the vacuuming fan. 

The same vacuum head which was described as the final design in the 

stationary tests was used here. Since the scatter of jojoba seeds in 
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actual field conditions can be 40 or more inches in width, it is clear 

that use of the 11 inch wide head in practice would yield a low field 

capacity. Such a head size would require either that multiple passes be 

made or the use of several heads side by side. It was thought that 

using a positive pressure head as a windrower to push seeds into the 

path of the vacuum head, could increase the picking capacity of the 

unit. Based on this concept, a positive pressure head was included in 

the design of the nonstationary unit. This head can be seen in Figures 

39 and 40. 

Another advantage anticipated with the addition of the positive 

pressure head was that the vacuuming head would be protected from 

clogging. As designed, the positive pressure head would run close to 

the base of the plants, blowing seeds from beneath the lower branches 

which could be sucked into the vacuuming head blocking it. 

5.1.2 Calculation and selection of the components for the nonstationary 

unit 

In choosing materials for construction of this unit, the stationary 

experimental unit was taken as a model. Similar pipe dimensions and the 

same vacuuming fan were used to allow direct comparison of the test 

variables. In this way it was thought that the effect of ground speed 

could easily be ascertained. 

Calculations to determine the diameter of the jack shaft used to 

transmit the power from the engine to the fans were carried out and are 
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shown in Appendix Dl. It was determined from this work that a shaft 1.5 

inches in diameter would be sufficient for this purpose. Pulleys of 

appropriate diameters were chosen to supply the rpm needed to provide 

the necessary airflow from the fans. Belts to transmit the power were 

chosen following the same calculation procedure as was given for 

stationary unit. 

The fan chosen for windrowing proved sufficient in supplying the 

necessary air. The face of the blowing head was designed in an 

irregular shape, so that the end nearest to the vacuuming head was wider 

than the far end. This was done to reduce the air velocity close to the 

vacuum head and to avoid blowing seeds beyond the width of the vacuuming 

head. A steel baffle, extending downward from the visor on the vacuum 

head to the bottom of the face, was added to increase the air velocity 

in front of the face area. To prevent the side enclosures from digging 

into the soil, steel skid shoes were added to the bottom of the sides. 

These were two inches in width. A picture of the vacuum head and 

blowing head showing the modifications is given in Figure 41. 

5.2 TESTING PROCEDURE 

Two sets of experiments were conducted using the nonstationary unit. 

In the first set only the vacuuming head was used, while in the second 

set the vacuuming and blowing heads were used together. The unit was 

operated at three different engine speeds. The range of speeds was 

limited because rpm of the engine was restricted between the maximum 
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possible at governed speed, and the minimum required to provide adequate 

velocities. 

Figure 41. Vacuum head and blowing head vised on the 
nonstationary unit. 

Jojoba seed was prepared In 1.3 pound samples arid was scattered on a 

gravel road on which many small, and large stones were present. An area 

21 meters in length, and equal in width to the vacuuming head was used 

for the first test. The experimental unit was then operated over the 
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test area, with ground speed being recorded for each run. For each test 

a constant head height and head angle was used. The jojoba seeds, small 

stones and large stones which were collected were then separated by 

hand, and each group was weighed to allow calculation of the capacity 

and efficiency of the unit. Head face velocities were measured 

following the tests for the three engine speeds. 

It was observed that static pressures in the pipes only changed from 

5.85 in. of water to 7.95 in. of water over the range of engine speeds 

used. This was because of the limited rpm of the engine used in the 

unit. For this reason the unit was operated at maximum pressure (level 

3) throughout most of the trials. Measured pressure values for both 

heads is given in Table 21. 

Table 21. Air pressures in the nonstationary unit. 

Neg. Press. Head Pos. Press. Head 

St. Press. Dyn. Press St. Press. Dyn. Press, 

(in. of water) (in. of water) 

LEVEL 1 5.85 0.8431 0.50 0.2550 

LEVEL 2 7.00 1.0375 0.59 0.3375 

LEVEL 3 7.95 1.0780 0.63 0.5375 

(maximum head face velocity for the negative pressure head was 7286 

ft/min, and for the positive pressure was 2900 ft/min with face plates.) 
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Head heights for the negative pressure head in these tests were set 

at 2 and 2.5 inches. Because of the limited engine rpm, however, height 

could not be increased more than 2.5 inches. Head height for the 

positive pressure head was 1 inch. Head angle for the negative pressure 

head was 21 degrees, and head angle for the positive pressure head was 

29 degrees. These values were determined in preliminary trials of the 

unit which showed that they provided the best results in terms of 

picking up seeds from the ground. 

The width of the scattered seeds in the second set of experiments 

was approximately 22 inches. The positive pressure head was adjusted in 

terms of head height and head angle to move the seeds into position in 

front of the vacuuming head. Under these conditions the second set of 

tests were run, and the capacity of the harvester was found. The 

optimal head height was found to be one inch with a head angle of 29 

degrees. 

5.4 RESULT AND DISCUSSIONS 

The three measured levels of pressures are given in Table 21. The 

pressures could not be varied over a large range, but by using lower 

head heights for the vacuum head, conditions similar to those evaluated 

for the stationary unit were obtained. Data showing the weight of the 

seeds, small stones, and large stones collected, and the head face 

velocities when only the vacuuming head was used are given in Table IE 

in Appendix El. Graphs obtained from the data which show the 
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relationship between pressure values and the amount of material 

collected, and between ground speeds and the amount of material 

collected are given in Figures 2E, 3E, 4G and 5E. 

When the graphs are examined it can be seen that, because the range 

of head face velocities was small, head face velocities did not 

significantly affect the total amount of material collected. However, 

it can be seen that the quantity of material collected did somewhat 

increase with increasing head face velocity. It should be noted that as 

head height increased, the amount of stones collected with increasing 

face velocity decreased. 

Even though a complete collection of the seed was not possible, the 

quantity of stones gathered compared to the quantity of seeds was less. 

A large number of seeds remained on the ground, and although this could 

be decreased by either increasing the head face velocities or lowering 

the head heights, it must be acknowledged that the amount of stones 

collected would also increase. In a practical field situation then the 

decision as to how the machine would be operated must be made. It can 

be seen from figures 4E and 5E that with increasing ground speed the 

amount of collected seeds and stones generally decreased. 

The data recorded from the experiments using the positive and 

negative pressure heads together are given in Table 6E in Appendix E2. 

Graphs showing the relationship between the ground speed and the amount 

of material collected are given in Figures 7E and 8E in the same 

appendix. Ground speed did have an effect on the amount of material 
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picked up. As speed Increased the amount of seed collected decreased as 

did the amount of stones. 

It was observed that, compared to the tests where only the vacuum 

head was used, the total amount of material collected decreased when the 

two heads were used together. Possibly the main reason for this was the 

decreasing effect of the vacuum when used together, since the two air 

flows crossed and perhaps cancelled the effect of each other. 
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CHAPTER 6 

SUMMARY AND CONCLUSIONS 

The aerodynamic behavior of jojoba seed was studied using a 

stationary experimental unit constructed for the purpose. The distance 

at which air pressures initiated the motion of seeds and stones was 

determined for both positive and negative pressurized air. The two 

heads, blowing and vacuuming, were also operated simultaneously. In 

this configuration it was determined that when only one fan was used to 

supply both heads, the adjustment of head face velocities is limited. 

This made it impossible to obtain enough information on utilizing 

positive and negative pressures together for the purpose of jojoba seed 

harvesting. 

From the tests done with the stationary unit it was determined that 

a head face velocity of 32 ft/sec is required to blow jojoba seeds, and 

a head face velocity of 108 ft/sec is required to vacuum jojoba seeds. 

These values agreed with the theoretically determined values which were 

40.85 ft/sec to blow the seeds and 108 ft/sec to vacuum them. It was 

also found that head angle in the vacuuming configuration and head 

height while blowing did not significantly affect the effective air 

distance. Furthermore it was concluded that in both configurations the 

effective air distance increased with head face velocity. Also, the 

effective air distance while blowing increased when head angles 

decreased, and increased with decreasing head height while vacuuming. 

Using the tapered head alone a clean pick up of seed was impossible 
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unless head heights were radically decreased, to 0.5 to 1.25 inches. 

In this case seeds and stones were picked up together, and separation 

was not possible. 

The tapered vacuum head used in the tests was modified and further 

tests were conducted. With the modifications made, and by making 

appropriate adjustments to head heights and head face velocities, a 

clean pick up of jojoba seeds was possible. This clean pick up was 

achieved with a head height of more than two inches. As head height 

increased beyond this value it was necessary to increase the head face 

velocities to achieve pick up. 

Two kinds of soil, sand and sandy loam, were used to evaluate the 

original and modified vacuum heads in terms of soil collection. It was 

determined that the amount of soil picked up by the modified head was 

significantly less than the other. 

Usage of the unmodified vacuuming head, in both vertical and 

horizontal positions, was found to be insufficient for a clean pick up 

of seeds. Using the head vertically, the distance at which seeds were 

picked up was similar to that for stones. With horizontal usage of the 

tapered head, the horizontal distance needed to catch the seeds and 

stones was again equal. 

On the basis of the observations made and the results obtained using 

the modified head, a new vacuuming head was developed. Out of the 

necessity to determine the effect of ground speed on efficiency, a 

nonstatlonary power unit was constructed and the newly designed head was 
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used on this unit. 

The nonstationary unit was first used with only a vacuum head, later 

it was operated with the addition of a blowing head. The blowing head 

was intended to increase the harvesting capacity by increasing the width 

of the area from which the seeds were collected. 

From the tests it was concluded that a clean harvest of jojoba seed 

was not possible using the nonstationary unit, but that the quantity of 

stones collected was less than the quantity of seeds harvested. These 

tests also revealed that increasing the ground speed of the unit 

decreased the total amount of material collected. 

Using the blower head and the vacuum head together decreased the 

amount of material collected. This was assumed to be the result of the 

opposing air directions from the two heads. Increasing ground speed 

further decreased the amount of material collected. 

Vacuuming head height could not be increased beyond 2.5 inches 

because of the limited range of engine rpm. If head height was 

increased, and higher head face velocities were used, much cleaner 

harvesting would be possible. Increased air velocities would 

necessitate redesign of the drive system or the use of a larger fan. 
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APPENDIX A1 

Effective distances of seeds and stones as influenced by head face 

velocity with positive pressure. 
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Table 1A. Effective air distance for seeds and stones for different 
head face velocities using positive pressures; Head height -
3.5 inches, Head angle - 15°. 

Static Velocity Head face Effective Distances 
Pr. Pr. Velocity Stones (in.) Seeds (in.) 

(Inches of Water) (Inches of water) (ft/mln) Small Big Big Med Smal 1 

0.16 - - 16 
0.3075 0.22 1960 - - 14 16 18 

0.27 - - 15 
0.28 

6.25 16 17 18 
0.415 0.32 18 19 21 

0.40 2108 • - 16 18 18 
0.41 

U.46 43 36 30 
1.0 0.7 3095 30 20 44 39 38 

0.84 42 35 31 
0.88 

0.7 46 50 U 
1.19 1.06 3660 36 30 53 53 55 

1.12 46 48 46 
1.16 

1.12 58 64 68 
1.255 1.26 4239 46 43 63 65 67 

1.5 61 59 66 
1.5 

( - - No initiation of motion) 

(Relative Humidity - 65%; Temperature - 28°C) 
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5 n i. lecd 
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Figure 1A. Changes in effective air distance with head face velocity; Head 
height—3.5 in., Head angle—15 degrees 
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Table 2A. Effective air distance for seeds and stones for different 
head face velocities using positive pressures; Head height-
1.75 inches, Head angle - 9°.) 

Static Velocity Head face Effective Distances 
Pr. Pr. Velocity Stones (in.) Seeds (in.) 

(Inches of Water) (Inches of water) (tt/min) Small Big Big Med Smal I 

0.33 10 13 13 
0.2525 0.38 2243 10 7 17 17 19 

0.42 11 14 14 
0.42 

0.40 17 16 19 
0.3275 0.53 2602 9 11 19 26 25 

0.57 18 17 22 
0.59 

0.64 31 33 32 
0.455 0.82 3239 27 22 34 38 35 

0.88 32 34 31 
0.88 

1.60 75 79 80 
0.785 1.94 5001 33 30 80 81 83 

2.08 75 79 80 
2.04 

0.88 48 51 53 
0.945 1.44 4082 31 25 50 52 59 

1.6 48 48 51 
1.66 

( - - No initiation of motion) 

(Relative Humidity - 62%; Temperature - 32°C) 
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Figure 2A. Changes in effective air distance with head face velocity; Head 
height-1.75 in., Head angle=9 degrees 
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Table 3A. Effective air distances for seeds and stones for different 
head face velocities using positive pressures; Head height -
2.875 inches, Head angle - 48.5°.) 

Static Velocity Head face Effective Distances 
Pr. Pr. Velocity Stones (in.) Seeds (in.) 

(Inches of Water) (Inches of water) {ft/min) Small Big Big Med Smal I 

0.38 13"" 13 14 
0.75 0.44 2422 7 6 15 16 17 

0.48 13 14 13 
0.5 

0.44 18 20 22 
0.9925 0.54 2620 11 10 19 23 21 

0.6 17 16 19 
0.61 

0.66 24 24 26 
1.185 0.8 3207 13 11 22 26 27 

0.86 20 23 24 
0.86 

0.72 25 36 31 
1.19 1.14 3813 21 15 28 37 34 

1.28 24 28 27 
1.3 

0.B6 33 37 38 
1.8825 1.23 3992 22 19 36 36 38 

1.4 33 37 39 
1.38 

( - - No initiation of motion) 

(Relative Humidity - 67%; Temperature - 30°C) 
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Figure 3A. Changes in effective air distance with head face velocity; Head 
height—2.875 in., Head angle~14 degrees 
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Table 4A. Effective air distances for seeds and stones for different 
head face velocities using positive pressures; Head height -
3 inches, Head angle - 26°.) 

Static Velocity Head face Effective Distances 
Pr. Pr. Velocity Stones (in.) Seeds (in.) 

(Inches of Water) (Inches of water) (ft/min) Small Big Big Med Smal I 

0.28 10 16 19 
0.5325 0.34 2108 6 • 14 17 21 

0.38 9 16 17 
0.39 

0.45 20 23 30 
0.9975 0.58 2844 11 5 24 22 28 

0.73 19 26 25 
0.73 

0.56 29 26 19 
1.185 0.87 3319 17 15 31 23 24 

0.98 29 26 20 
0.96 

1 33 35 37 
1.19 1.46 4334 25 22 36 43 46 

1.52 33 36 37 
1.58 

1.18 44 41 44 
1.8825 1.46 4351 32 25 46 46 45 

1.58 41 40 43 
1.56 

( - - No initiation of motion) 

(Relative Humidity - 67%; Temperature - 30°C) 
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Figure 4A. Changes in effective air distance with head face velocity; Head 
height"3 in., Head angle—26 degrees 
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Table 5A. Effective air distances for seeds and stones for different 
head face velocities using positive pressures; Head height -
1.5 inches, Head angle - 23°.) 

Static Velocity Head face Effective Distances 
Pr. Pr. Velocity Stones (in.) Seeds (in.) 

(Inches of Water) (Inches of water) (ft/min) Small Big Big Med Smal I 

0.18 10 11 12 
0.3275 0.27 1902 4 - 13 14 15 

0.32 12 12 11 
0.32 

0.22 16 17 19 
0.4 0.38 2225 13 7 19 19 21 

0.46 17 17 20 
0.46 

0.4 19 22 24 
0.48 0.44 2494 14 11 23 27 26 

0.54 19 21 23 
0.54 

0.82 44 49 45 
1.11 1.12 3786 26 24 43 48 48 

1.24 42 48 44 
1.26 

0.86 47 47 50 
1.39 1.24 4127 35 25 50 53 49 

1.52 47 46 50 
1.62 

( - - No initiation of motion) 

(Relative Humidty - 67%; Temperature - 30°C) 
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Figure 5A. Changes in effective air distance with head face velocity; Head 
height—1.5 in., Head angle—23 degrees 
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APPENDIX A2 

Effective distances of seeds and stones as influenced by head angle 

with positive pressure. 
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Table 6A. Effective air distances for seeds and stones for different 
head angles using positive pressure; Head height - 2.875 
inches. 

Static Velocity Head face Head Effective Distances 
Pr. Pr. Velocity Angle Stones Seeds 

(Inches of Water) (Inches of water) (ft/min) (degree) (inches) (inches) 

0.64 53 26 41 
1.38 1.1 3723 39 23 44 

1.24 28 24 48 
1.22 21 28 54 

12 30 59 
10 37 60 

(Relative Humidity - 65%; Temperature - 28°C) 
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Figure 6A. Changes in effective air distance with head angle; Head face 
velocity-3723 ft/min, Head height-2.875 in. 
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Table 7A. Effective air distances for seeds and stones for different 
head angles using positive pressure; Head height - 2 inches. 

Static Velocity Head face Head Effective Distances 
Pr. Pr. Velocity Angle Stones Seeds 

(Inches of Water) (Inches of water) (ft/min) (degree) (inches) (inches) 

0.5 55 15 30 
0.7325 0.64 2871 42 16 32 

0.68 33 16 36 
0.73 27 20 39 

20 21 42 
18 22 44 
9 30 53 

(Relative Humidity - 68%; Temperature - 27.5°C) 



10 

I I I 
18 20 27 

Head angle (degrees) 

33 

Figure 7A. Changes in effective air distance with head angle; 
velocity—3723 ft/min, Head height—2.875 in. 
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APPENDIX A3 

Effective distances of seeds and stones as influenced by head height 

with positive pressure. 
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Table 8A. Effective air distances for seeds and stones for different 
head heights using positive pressure; Head angle - 20° 

Static Velocity Head Effective Distances 
Pr. Pr. Velocity Height Stones Seeds 

(Inches of Water) (Inches of water) (ft/min) (inches) (inches) (inches) 

0.7 1.12 24 50 
0.6025 0.84 3364 1.5 23 48 

0.96 2 22 48 
0.97 2.75 27 44 

3.5 23 43 
4 24 42 
5 - 51 
6 " 52 

( - - No initiation of motion) 

(Relative Humidity - 68%; Temperature - 27.5°C) 



STONE 
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Figure 8A. Changes in effective air distance with head height; Head face 
velocity-3364 ft/min, Head angle-20 degrees. 

U1 



154 

Table 9A. Effective air distances for seeds and stones for different 
head heights using positive pressure; Head angle - 30°. 

Static Velocity Head Effective Distances 
Pr. Pr. Velocity Height Stones Seeds 

(Inches of Water) (Inches of water) (ft/min) (inches) (inches) (inches) 

6.57 5 18 37 
0.9425 0.90 3373 3.75 20 44 

1 3.25 22 42 
1.04 2.75 23 48 

2.25 23 45 
1.25 18 37 

(Relative Humidity - 68%; Temperature - 27.5°C) 
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APPENDIX A4 

Combined data collected with positive pressure. 



locit 
t/min 

TZZ? 
2620 
3207 
3813 
3992 
2108 
2844 
3319 
4334 
4351 
1902 
2225 
2494 
3786 
4127 
3723 
3723 
3723 
3723 
3723 
3723 
2871 
2871 
2871 
2871 
2871 
2871 
2871 
1960 
3095 
2108 
3660 
4239 
2243 
2602 
3239 
5001 
4082 
3373 
3373 
3373 
3373 
3373 
3373 
3364 
3364 
3364 
3364 
3364 
3364 
3364 
3364 
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Combined data points taken from all of the positive pressure 
tests. 

Effective Distances 
Angle Height Hedium Seed Small Stone 

(degrees) (inches) (inches) (inches) 

48.5 2.875 16 7 
48.5 2.875 23 11 
48.5 2.875 26 13 
48.5 2.875 37 21 
48.5 2.875 36 22 
26 3 17 6 
26 3 22 11 
26 3 23 17 
26 3 43 25 
26 3 46 32 
23 1.5 14 4 
23 1.5 19 13 
23 1.5 27 14 
23 1.5 48 26 
23 1.5 53 35 
53 2.875 41 20 
39 2.875 44 23 
28 2.875 48 24 
21 2.875 54 28 
12 2.875 59 30 
10 2.875 60 37 
55 2 30 15 
42 2 32 16 
33 2 36 16 
27 2 39 20 
20 2 42 21 
18 2 44 22 
9 2 53 30 
15 3.5 16 -

15 3.5 39 30 
15 3.5 19 • 

15 3.5 53 36 
15 3.5 65 46 
32 1.75 17 10 
32 1.75 26 9 
32 1.75 38 27 
32 1.75 81 33 
32 1.75 52 31 
30 5 37 18 
30 3.75 44 20 
30 3.25 42 22 
30 2.75 48 23 
30 2.25 45 23 
30 1.25 37 18 
20 1.125 50 24 
20 1.5 48 23 
20 2 48 22 
20 2.75 44 27 
20 3.5 43 23 
20 4 42 24 
20 5 51 
20 6 52 -
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Figure 10A1. Effective air distance as a function of head face 
velocity and head height using positive pressure on stones. 
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Figure 10A2. Effective air distance as a function of head face 
velocity and head angle using positive pressure on stones. 



Figure 10A3. Effective air distance as a function of head face 
velocity and head height using positive pressure on seeds. 
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Figure 10A4. 
Effective air distance as a function of head face 
velocicy and head angle using positive pressure on seeds. 
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APPENDIX B1 

Data collected for the vertical orientation of the tapered vacuuming 

head. 
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Table IB. Pressures and vertical distances required to pick seeds and 
stones with vertically orientad tapered head. 

(Vertical orientation of tapered head) 

Static Pr. Velocity Press. Head Face Stone Seed 
Velocity (Small) (Large) 

(in. W.) (in. W.) (ft./min.) Dist (in.) Dist (in.) 

0, .33 0.16 
2.46 0, .37 0.2 3721 0.9375 1.0 

0, .37 0.26 
0. .36 0.32 

0, .78 0.36 
5.1 0 .84 0.45 5581 1.125 1.25 

0, .86 0.58 
0, .84 0.67 

1, .42 0.91 
7.0 1. .52 1.2 7780 1.25 1.375 

1, .51 1.4 
1, .45 1.38 

2.46 1.1 
10.2 2, .61 1.36 9640 1.625 2.0 

2. .5 1.95 
2. .43 1.96 
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Head face velocity (ft/min) 

Figure IB. Maximum vertical distance which allows complete collection 
of material as a function head face velocity. 
(Vertical orientation of vacuum head) cri 

•c* 
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Table 2B. Pressures and vertical distances required to pick seeds and 
stones with vertically oriented tapered head. 

(Vertical orientation of tapered head) 

Static Pr. Velocity Press. Head Face Stone Seed 
Velocity (Small) (Large) 

(in. W.) (in. w.) (ft./min.) Dist (in.) Dist (in.) 

0.45 0. 27 
2.9 0. .69 0. 33 4820 0.875 1.0 

0. .73 0.43 
0. .7 0. 54 

1. .07 0. 51 
4.7 1. .16 0. 63 6511 0.875 1.625 

1. .19 0. 8 
1. ,13 0. 87 

1. .47 0. 99 
7.2 1. ,6 1. 26 7864 1.375 1.25 

1. .59 1. 27 
1. .51 1. 25 

1. .83 1. 1 
9.3 1, .96 1.44 8795 1.375 1.375 

1. .85 1. 75 
1. 8 1. 69 



4820 6511 7864 8795 

Head face velocity (ft/min) 

Figure 2B. Maximum vertical distance which allows complete 
collection of material as a function of head face velocity. 
(Vertical orientation of vacuum head) 



APPENDIX B2 

Data collected for the horizontal orientation of the tapered 

vacuuming head. 
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Table 3B. Pressures and horizontal distances required to pick seeds and 
stones with horizontally oriented tapered head. 

(Horizontal orientation of tapered head) 

Stone Seed 
Static Pr. Velocity Press. Head Face (Small) (Large) 

Velocity Vert. Hor. Ver. Hor, 
(in. W.) (in. W.) (ft./min.) (in.) (in.) (in.) (in, 

0.72 0, .44 
3.2 0.77 0 .6 5581 1 .5 3 ,5 

0.75 0, .69 
0.73 0, ,70 

0.9 0, .73 
4.4 0.94 0, .8 6342 2 .5 3 ,5 

0.94 0 ,9 
0.92 0, .84 

1.31 0, .92 
6.1 1.37 1, .22 7610 7 .5 8.5 ,5 

1.4 1, .27 
1.36 1. .22 

1.7 0. .99 
8.8 1.8 1, .24 8321 11 .5 15 .5 

1.76 1, .64 
1.7 1, .6 

2.17 1. .3 
10.4 2.29 1, .68 9640 11 .5 18 ,5 

2.29 2, ,17 
2.14 2. ,22 
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APPENDIX B3 

Effective distances of seeds and stones as influenced by head face 

velocity with negative pressure using a tapered vacuuming head. 
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Table 4B. Effective air distance for seeds and stones for different 
head face velocities using negative pressure; Old vacuum 
head, Head height - 1.5 inches; Head angle - 27.5°. 

Static Pr. Velocity Press. Head Face Stone Seed 
Velocity Small Large Large Medium Small 

(in. U.) (in. U.) (ft./min.) Dist. (inches) Dist. (inches) 

0.45 0.92 
5.3 0.72 1.1 6680 - - -

1 1.24 
1.03 1.22 

0.9 1.89 
7.4 0.99 1.93 • 1.5 2 4 

1.56 1.93 8659 cannot pick up cannot pick up 
1.76 2 

cannot pick up cannot pick up 

0.93 1.94 
10.0 1.04 2.04 8760 - 2.5 3 3.5 

1.68 2 
1.70 1.96 cannot pick up cannot pick up 

( - = No initiation of motion) 

(Relative Humidity = 45%; Temperature = 36°C) 
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Table 5B. Effective air distance for seeds and stones for different head face velocities 
using negative pressures; Old Vacuun Head, Head height * 2.5 inches; Head angle = 13°. 

Static Pr. Velocity Press. Head Face Stone Seed 
Velocity Small Large Large Medium Small 

(in. U.) (in. U.) (ft./min.) Dist. (inches) Dist. (inches) 

0.54 0.82 
4.2 0.63 0.90 . . .  

0.8 0.93 6139 
0.93 0.91 

0.6 1.08 
5.2 0.94 1.08 6 6 8 0 . 5  -  . . . .  

0.86 1.14 
1.1 1.04 

1.26 2.26 
9.4 1.70 2.38 9 9 7 8 . 5  -  . . . .  

2.44 2.44 
2.6 2.37 

( - = No initiation of motion) 

(Relative Humidity = 64%; Temperature = 30.5°C) 
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Table 6B. Effective air distance for seeds and stones for different head face velocities using 
negative pressure; Old Vacuun Head, Head height • 1.75 inches; Head angle * 33*. 

Static Pr. Velocity Press. Head Face Stone Seed 
Velocity Small Large Large Medium Small 

(in. W.) (in. U.) (ft./min.) Dist. (inches) Dist. (inches) 

5.5 
0.51 
0.66 
0.84 
0.88 

0.93 
0.94 
1.04 
1.03 

6497 - -

6.6 
0.60 
0.70 
1.06 
1.04 

1 
1.26 
1.30 
1.24 

7110 - -

8.3 
0.66 
0.83 

1.63 
1.62 

1.84 
1.9 
2 

1.98 

8401 1 1 
cannot pick up 

3 3 3 
cannot pick up 

9.2 
fi.W 
1.24 
1.53 
1.66 

1.83 
1.98 
2.03 
1.99 

8790 1.5 1.5 
cannot pick up 

4 4 4 
cannot pick up 

( - = No initiation of motion) 

(Relative Humidity = 64%; Temperature = 30.5*C) 
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Table 7B. Effective air distance for seeds and stones for different 
head face velocities using negative pressures; Old Vacuum 
Head, Head height - 3.25 inches, Head angle - 14.5°. 

Static Pr. Velocity Press. Head Face Stone Seed 
Velocity Small Large Large Medium Small 

(in. U.) (in. U.) (ft./min.) Dist. (inches) Dist. (inches) 

13 
1.57 
1.68 
2.02 
2.34 

1.14 
1.26 
1.34 
2.08 

8828 
6.5 7 7 

11.4 
2.02 
2.30 
2.42 
2.28 

1.17 
1.08 
1.24 
1.94 

9251 - - -

( - = No initiation of motion) 

(Relative Humidity=64%; Temperature=30.5oC) 
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Table 8B. Effective air distance for seeds and stones for different 
head face velocities using negative pressures; Old Vacuum 
Head, Head height - 1.25 inches, Head angle - 34°. 

Static Pr. Velocity Press. Head Face Stone Seed 
Velocity Small Large Large Medium Small 

(in. W.) (in. U.) (ft./min.) Dist. (inches) Dist. (inches) 

0.45 0.85 
5 0.54 0.90 6044 - 2.25 2.25 3.25 

0.78 0.95 
0.83 0.98 cannot pick up 

6.57 1.24 
6.7 0.66 1.34 7101 4 2.75 3.5 3.75 4.75 

1.12 1.31 cannot pick up cannot pick up 
1.18 1.34 

cannot pick up cannot pick up 

0.76 1.6 
9.4 0.96 1.8 8283 3.25 2.75 4 5 5.25 

1.51 1.74 cannot pick up cannot pick up 
1.6 1.8 

cannot pick up 

( - = No initiation of motion) 

(Relative Hunidity = 45%; Temperature = 36"C) 
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Figure 8B. Changes in effective air distance with head face velocity; Head 
height—1.25 in.,Head angle—34 degrees. 
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Table 9B. Effective air distance for seeds and stones for different 
head face velocities using negative pressures; Old Vacuum 
Head, Head height - 0.5 inches, Head angle - 11°. 

Static Pr. Velocity Press. Head Face Stone Seed 
Velocity Small Large Large Medium Small 

(in. W.) (in. W.) (ft./min.) Dist. (inches) Dist. (inches) 

4.4 
0.52 
0.63 
0.78 
0.80 

0.S8 
0.95 
0.99 
0.98 

6171 - - 3 

i 

3.5 4 

cannot pick up 

5.4 
0.68 
0.94 
1.22 
1.39 

1.38 
1.45 
1.48 
1.39 

7228 1 .5 3.5 3.75 4.25 

6.8 
0.68 
0.80 
1.06 
1.1 

1.24 
1.30 
1.40 
1.38 

7608 3.25 3 4.25 4.25 4.5 

8.7 
0.98 
1.08 
1.44 
1.56 

1.64 
1.90 
1.96 
1.84 

8403 4 3.75 4.25 4.50 5 

( - = No initiation of motion) 

(Relative Humidity * 64%; Temperature = 30.5"C) 



6171 7228 7608 8403 

Head face velocity (ft/min) 

Figure 9B. Changes in effective air distance with head face velocity; Head 
height-0.5 in.,Head angle-11 degrees. 
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APPENDIX B4 

Effective distances of seed and stones as influenced by head face 

velocity with negative pressure using a tapered head with a visor 

and sides closed. 
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Table 10B. Effective air distances on seeds and stones for different 
head face velosities using negative pressures; Visor and 
sides closed.Head height - 1.5 inches,Head angle -
27.5°. 

Effective Distances 
Static pr. Velocity Press. Head Face Stone Seed 

Velocity Small Large Large Medinn Small 
(in. U.) (in. U.) (ft./min.) (inches) (inches) 

7.2 
1.56 
1.62 
1.58 
1.57 

0.84 
1.08 
1.12 
1.23 

7780 - 4 4.5 4.75 
cannot pick up 

2.1 0.88 
10 2.18 0.96 8845 

2.22 1.54 1.5 4.25 4.75 5 
2.15 1.7 cannot pick up cannot pick up 

12.6 
2.2 
2.3 
2.43 
2.30 

0.9 
1.1 
1.7 
1.9 

9353 
2 
cannot pick up 

4.75 5 5.5 
cannot pick up 

273 1 
14.2 2.42 1.3 9640 2 - 4.875 5.5 5.75 

2.6 2 cannot pick up cannot pick up 
2.5 2.2 

( - No initiation of motion) 
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Figure 10B. Changes in effective air distance with head face velocity; Head 
height-3.125 in., Head angle-22 degrees. 
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Table 11B. Effective air distances on seeds and stones for different 
head face velocities using negative pressure values; Visor 
and sides closed,Head height -2.5 inches,Head angle -
31°. 

Effective Distances 
Static pr. Velocity Press. Head Face Stone Seed Static pr. 

Velocity Small large Large Medium Small 
(in. U.) (in. U.) (ft./min.) Dist. (inches) Dist. (inches) 

1.46 0.63 
7.7 1.62 0.87 7695 1.5 4.5 4.5 4.75 

1.64 1.14 cannot pick up cannot pick up 
1.56 1.28 

cannot pick up cannot pick up 

2 0.93 
9.6 2.19 1.12 8922 3.75 2 4.75 5.25 5.875 

2.18 1.48 cannot pick up cannot pick up 
2.1 1.84 

cannot pick up cannot pick up 

2.3 1.2 
13 2.2 1.23 9387 4.5 3.75 5.25 5.5 6 

2.3 1.7 cannot pick up cannot pick up 
2.2 2.1 

cannot pick up cannot pick up 

2.3 1 
14.3 2.5 1.15 9649 4.75 4 5.5 6 6.5 

2.62 1.78 cannot pick up cannot pick up 
2.58 2.22 

cannot pick up cannot pick up 

( - No initiation of motion) 
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Figure 11B. Changes in effective air distance with head face velocity; Head 
height—2.5 in., Head angle—39 degrees. 
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Table 12B. Effective air distances on seeds and stones for different 
head face velocities using negative pressure values; Visor 
and sides closed, Height - 3 inches, Angle - 12°. 

Effective Distances 
Static Pr. Velocity Press. Head Face Stone Seed 

Velocity Small Large Large Medium Small 
(in. U.) (in. U.) (ft./min.) (inches) (inches) 

2.42 0.9 
12.3 2.6 1 9640 - 6.5 6.75 7.25 

2.7 1.7 cannot pick up 
2.7 2.1 

cannot pick up 

2.5 1.1 
13.6 2.8 1.2 9928 3 7 6.5 7.5 

2.9 1.8 cannot pick up cannot pick up 
2.9 2.4 

cannot pick up cannot pick up 

2.4 1.2 
14.7 2.8 1.3 10012 4 7.75 8 8.75 

3 2 cannot pick up 
3 2.5 

cannot pick up 

( - No initiation of motion) 
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Figure 12B. Changes in effective air distance with head face velocity; Head 
height-3 in., Head angle-12 degrees. 
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Table 13B. Effective air distances on seeds and stones for different 
head face velocities using negative pressures; Visor and 
sides closed, Height - 2 inches, Angle - 28°. 

Effective Distances 
Static Pr. Velocity Press. Head Face Stone Seed 

Velocity Small Large Large Mediun Small 
(in. U.) (in. W.) (ft./min.) (inches) (inches) 

6.8 
1.58 
1.68 
1.69 
1.61 

0.67 
0.82 
1.12 
1.24 

7611 4.875 
cannot pick up 

5 5.5 5.75 

10.5 
1.7 
1.8 
1.8 
1.75 

0.9 
0.9 
1.3 
1.42 

8237 4.25 4.5 
cannot pick up 

5 5.5 6.25 

8.7 
1.7 
1.8 
1.8 
1.9 

O . B  

0.9 
1.2 
1.4 

8372 5 4 
cannot pick up 

4.875 5 6 

12.7 
2.2 
2.4 
2.5 

C
M

 
C

O
 9471 5 4.5 

cannot pick up 
5.75 6 6.75 

cannot pick up 

2.4 2 

( - No initiation of motion) 
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Figure 13B. Changes in effective air distance with head face velocity; Head 
height-2 in., Head angle-28 degrees. 
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APPENDIX B5 

Effective distances of seeds and stones as influenced by head height 

with negative pressure using a tapered vacuuming head with a visor 

and sides closed. 
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Table 14B. Effective air distances on seeds and stones for 
different head heights using negative pressure; Visor and 
sides closed,Head angle - 14°. 

Effective Distances 
Static Pr. Velocity Press. Head Face Stone Seed 

Height Velocity Small Large Large Medium 
(in.) (in. W.) (in. W.) (ft./min.) (inches) (inches) 

Small 

2.5 1 
1.25 13.2 2.6 1.4 9857 5.25 4 8 7.5 7.5 

2.7 1.8 
2.6 2.2 

2.5 1 
1.625 13.2 2.6 1.4 9857 5 4.5 6 6.5 7 

2.7 1.8 
2.6 2.2 

Z.5 1 
2 13.2 2.6 1.4 9857 4 3.25 3.75 4.5 5.5 

2.7 1.8 cannot pick up 
2.6 2.2 

2.5 1 
3 13.2 2.6 1.4 9857 3 2.75 6 6 6.5 

2.7 1.8 cannot pick up cannot pick up 
2.6 2.2 

( - No initiation of motion) 
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Figure 14B. Changes in effective air distance with head height; Head face 
velocity-9857 ft/min, Head angle-14 degrees. 
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Table 15B. Effective air distances on seeds and stones for 
different head heights using negative pressure; Visor and 
sides closed, Head angle - 25°. 

Height 
(in.) 

Static Pr. 

(in. U.) 

Velocity Press, 

(in. U.) 

Head Face 
Velocity 

(ft./inin.) 

Stone 
Small Large 

(inches) 

Effective Distances 
Seed 

Large Medium Small 
(inches) 

1.25 14.8 
2.1 
2.4 
2.3 
2.8 

1.2 
1.3 
2.2 
2.5 

9857 5 4.5 6.5 6.75 7 

2 14.8 
2.1 
2.4 
2.3 
2.8 

1.2 
1.3 
2.2 
2.5 

9857 4.75 3 
cannot pick up 

5.5 6 6.75 

2.5 14.8 
2.1 
2.4 
2.3 
2.8 

1.2 
1.3 
2.2 
2.5 

9857 3 
cannot pick up 

4.75 5.75 6.25 
cannot pick up 

3.125 14.8 
2.1 
2.4 
2.3 
2.8 

1.2 
1.3 
2.2 
2.5 

9857 1.5 
cannot pick up 

2.75 3.5 4.5 
cannot pick up 

( - No initiation of motion) 



STC*€ 

Head height (in.) 

Changes in effective air distance with head height; Head face 
velocity—9857 ft/min, Head angle—25 degrees. 
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APPENDIX B6 

Effective distances of seeds and stones as influenced by head angles 

with negative pressure using a tapered vacuuming head with a visor 

and sides closed. 
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Table 16B. Effective air distances on seeds and stones for 
different head angles using negative pressure; Visor and 
sides closed, Head height - 1.5 inches. 

Effective Distances 
Static Pr. Velocity Press. Head Face Stone Seed 

Angle Velocity Small Large Large HediLin 
(Deg.) (in. W.) (in. W.) (ft./min.) (inches) (inches) 

Small 

12.5 12.4 
2 
2.2 
2.3 
2.3 

0.9 
1.1 
1.8 
1.9 

9217 5.5 5.25 6.75 7.25 7.25 

17 12.4 
2 
2.2 
2.3 
2.3 

0.9 
1.1 
1.8 
1.9 

9217 5.75 5 7 7.5 7.5 

22 12.4 
2 
2.2 
2.3 
2.3 

0.9 
1.1 
1.8 
1.9 

9217 5.5 4.75 6.5 6.75 7 

30 12.4 
2 
2.2 
2.3 
2.3 

0.9 
1.1 
1.8 
1.9 

9217 5.25 4.5 6.5 7.25 7.25 

( - No initiation of motion) 
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Figure 16B. Changes in effective air distance with head angle; Head face 
velocity-9217 ft/min, Head height-1.5 in. 
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Table 17B. Effective air distances on seeds and stones for 
different head angles using negative pressure; Visor and 
sides closed, Head height - 2 inches. 

Effective Distances 
Static Pr. Velocity Press. Head Face Stone Seed 

Angle Velocity Small Large Large Medium 
(Deg.) (in. U.) (in. U.) (ft./min.) (inches) (inches) 

Smal I 

2.3 1.2 
14 14.6 2.4 1.35 9860 5.5 4 6.75 7.25 ; 

2.7 1.9 cannot pick up 
2.7 2.42 

cannot pick up 

2.3 1.2 
16 14.6 2.4 1.35 9860 5.25 4.5 6.25 6.5 ; 

2.7 1.9 cannot pick up 
2.7 2.42 

cannot pick up 

2.3 1.2 
18 14.6 2.4 1.35 9860 5.5 3.75 6 6.5 ; 

2.7 1.9 cannot pick up 
2.7 2.42 

cannot pick up 

2.3 1.2 
33 14.6 2.4 1.35 9860 4.5 3.5 5.25 6.25 < 

2.7 1.9 cannot pick up 
2.7 2.42 

cannot pick up 

( - No initiation of motion) 



Head angle (degrees) 

Figure 17B. Changes in effective air distance with head angle; Head face 
velocity-9860 ft/min, Head height-2 in. 
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APPENDIX B7 

Combined data collected for the tapered head with a visor and sides 

closed. 
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Table 18B. Combined data points taken from the negative pressure 
experiments using a tapered head with a visor and sides 
closed. 

Head face Head Head Effective Distances 
Velocity Angle Height Medium Seed Small Stone 
(ft/min) (Degrees) (Inches) (Inches) (Inches) 

9640. .29 12 3 6. 75 
10096, ,94 12 3 6. 5 3 
10012. ,39 12 3 8 4 
8371. .83 28 2 5 5 
8236. .53 28 2 5. 5 4.25 
9471. ,16 28 2 6 5 
7610. ,70 28 2 5. 5 4.875 
9217.47 30 1, .5 7. 25 5.25 
9217. ,47 22 1, .5 6. 75 5.5 
9217. ,47 17 1. .5 7. 5 5.75 
9217. ,47 12.5 1. .5 7. 25 5.5 
9860 14 2 7. 25 5.5 
9860 18 2 6. ,5 5.5 
9860 16 2 6. 5 5.25 
9860 23 2 6. 25 4.5 
9856. ,78 25 3. ,125 3. 5 1.5 
9856. ,78 25 2. ,5 5. 75 3 
9856. ,78 25 2 6 4.75 
9856, ,78 25 1. ,25 6. 75 5 
9856. ,78 14 2 4. 5 4 
9856. ,78 14 1, ,625 6. 5 5 
9856. 78 14 1. ,25 7. 5 5.25 
9856, ,78 14 3 6 3 
7695 39 2. ,5 4. 5 1.5 
8921. ,5 39 2. ,5 5. 25 3.75 
9386. 6 39 2. ,5 5. 5 4.5 
9648. 78 39 2. ,5 6 4.75 
7779. ,8 22 3. ,125 4. 5 -

8845. 35 22 3. ,125 4. 75 1.5 
9352. 77 22 3. 125 5 2 
9640. 29 22 3. 125 5. 5 2 

( - No initiation of motion) 



Figure 18B1. Effective air distance as a function of 
head face velocity and head height using 
negative pressure on stones. 



Figure 18B2. Effective air distance as a function of 
head face velocity and head angle using 
negative pressure on stones. 



Figure 18B3. Effective air distance as a function of 
head face velocity and head height using 
negative pressure on seeds. 



Figure 18B4. Effective air distance as a function of 
head face velocity and head angle using 
negative pressure on seeds. 
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APPENDIX B8 

Effective distances of seeds and stones as influenced by head face 

velocity with negative pressure using the final vacuuming head. 
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Table 19B. Effective air distances for seeds and stones for different 
head face velocities using negative pressures; New Vacuum 
Head, Head height - 4.375 inches,Head angle - 25°. 

Static Pr. Velocity Press. Head Face Stone Seed 
Velocity Small Large Large Medium Small 

(in. U.) (in. U.) (ft./min.) Dist. (inches) Dist. (inches) 

5.4 
1.53 
1.63 
1.7 
1.6 

1.31 
1.43 
1.45 
1.43 

8322 6.5 5.75 8.5 9 9.5 

7.2 
1.7 
1.8 
2 
1.8 

1.57 
1.78 
1.95 
1.82 

9133 8 6 9 9.5 9.75 

8.3 
2 
2.1 
2.2 
2 

1.6 
1.7 
1.8 
1.7 

9387 8.5 7.25 10 10.5 11 

13.4 
3 
3.3 
3.4 
3.2 

2.4 
2.9 
2.9 
2.7 

11636 8.75 8.5 10.5 11 11 

( - No initiation of motion) 

(Relative Humidity - 58%; Temperature - 29.5°C) 
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Figure 19B. Changes in effective air distance with head face velocity; Head 
height-4.375 in., Head angle- 25 degrees. 
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Table 20B. Effective air distances for seed and stone for different 
head face velocities using negative pressures; New vacuum 
head, Head height - 4 inches, Head angle - 17.5°. 

Static Pr. Velocity Press. Head Face Stone Seed 
Velocity Small Large Large Mediun Small 

(in. U.) (in. U.) (ft./min.) Dist. (inches) Dist. (inches) 

4.8 
1.17 
1.22 
1.28 
1.24 

1.18 
1.22 
1.32 
1.06 

7526 6.5 5.75 8.25 8.5 10 

5.4 
1.32 
1.54 
1.58 
1.52 

1.20 
1.29 
1.31 
1.22 

7814 7.75 7 9.5 9.75 10.25 

8 
1.80 
2.02 
2.06 
1.95 

1.72 
1.74 
1.7 
1.62 

9201 9 8.25 10.25 10.5 11.5 

10.1 
2.2 
2.4 
2.5 
2.4 

1.S 
2.2 
2 
2 

9979 9.5 8.75 10.5 10.75 11.5 

12.3 
2.4 
2.8 
3 
2.9 

2.1 
2.5 
2.6 
2.3 

10909 10.25 9.5 11 11.5 12 

( - No initiation of motion) 

(Relative Humidty - 58%; Temperature - 29.5°C) 
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Figure 20B. Changes in effective air distance with head face velocity; Head 
height-4 in., Head angle- 17.5 degrees. 
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APPENDIX CI 

Belt drive system. 
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D - d - 6.2 inch (Pitch diameter of pulleys) 

Pitch length of belt - 2x19.166+1.57(6.2+6.2) - 57.8 inches 

Outside length of belt will be 59 inches 

So Browning B56 super gripbelts were chosen 

Two pulleys #4B62SD 

0D - 6.55 inches 

PD - 6.2 inches 

Overload factor was taken as 1.3 because this system will not be used 

more than 8 hours in a day. 

Power of engine - 20 Hp (22 Hp was used for safety reasons) 

Belt velocity - PD of pulley x 0.2618 x rpm 

- 6.2 x .2618 x 2250 - 3652.11 ft/min 

Velocity is small enough so no need for special calculations. 

Design Hp - Rated Hp x Service factor 

- 22 x 1.3 - 28.6 Hp 

Driven speed was accepted as 3500 rpm (Standard value from manual 

(Browning), but bigger than actual rpm.) 

Drive ratio - 1 

Minimum drive correction factor - 0.13 means each belt carries 10.03 Hp 

at 2400 rpm. 

Hp - 10.03 + 10.03 x 0.13 - 11.33 

F — 0.91 

then : 

2 8 . 6  

10.54 (Hp per belt standard) 2.71 3 belt 
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11.33 x 0.91 - 10.31 Hp 

10.31 x 3 - 30.93 

Design Hp with safety was 28.6 Hp 

than 30.93 > 28.6 is safe enough 

2 8 . 6  
or io 31 ~ 2.774 belts means 3 belts will be used. 

3 belts are satisfactory, but because pulleys had 4 grooves, 4 belts 

were used. (Pulleys were used from University of Arizona Agricultural 

Engineering shop facilities.) 



APPENDIX C2 

Fan supporting frame 

1- Strength 

2- Layout 
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1- Strength 

A frame was built to hold the fan. Calculation for the deflection 

of the frame, because of weight of the fan, is as follows: 

i: 

J'l - J 

FL3 

V " 3EI 

F - Force (Pound) 

E - Young's modulus (Pound/inches2) 

I - Inertia (1/inch4) 

L - Length (inch) 

r? - Deflection (inch) 

350x37® 1 

* " 3x30.6xlO*xO. 416 -> 2 " 0>4642 inches " 2 incheS 

This frame will be safe enough, because the load was taken 2 times the 

actual value. 



2- Layout 
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it " 
• U&4uJfe 

•liwU. 
-I* 
>1*4-

-.1. 

i 3 

ym 

22 

» 
Vo 

•f 

I -

Scale-f/8 

f - 2L.£. VL L f>rcfilm-

2z 2 i til sim*.C 

Figure CI. Frame to support test fan. 
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APPENDIX D1 

Calculation of jack shaft on nonstationary unit. 
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1 

C; / . \ 0 / t . / 

,-/1 
1 A 

i 

25 Hp 

** " 62033 2200rpin ™ 704'91 lb'in-

Diameter of pulley - 6.75 in. 

704.91x2 
Fte 208.86 lb. 

and, 

Mbd - 704.91 lb-in. -> Ftd - 281.6 lb. (Diameter of pulley - 5 in.) 

Mbe = 704.91 lb-in. -> Fte - 208.86 lb. (Diameter of pulley - 6.75 in.) 

Mbt0, - 3x704.91 lb-in. - 2114.73 lb-in. 

ML 

WbD 



EF - 0 -> F«„ + Fa, - 104.43 + 199.12 + 78.24 

F* - 381.79-Fgx 

- 0 

->104.43x13-F«)I.7+F5)(xl2.75-78.24x1675 - 0 

-> Fs, - 132.93 lb. 

and F,x - 248.86 lb. 

98-

t h 7 

'Ib*l 

0 e. V 

U* 
-+ \ 

>3 ll.f6 

sey.v: 

EF - 0 -> F^y+Fgy-199.12-193.65+180.87 

F.^+Fsy - 211.9 -> 211.9-Fgy 

— 0 

180.87xl3+F4yx7-FByxl2.75+193.65x16.75 - 0 

-> Fgy - 358.39 lb. 

and 

F.^y - -146.49 lb. (Direction is different) 
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(a A -y. 

Co 

/J.»5 2 V 
2 

Ma, 

MgenemJ Mex2 + M 2̂ 

t"G, 
m.iSee 

16 Mb 
Tb HdF 

also, 

626.582 + 1325.882 - 1466 lb-in. 

32 Mo 

°e " nrf 

<7rnnx - joy+Arb2 
132x1466 \ 2 ' 

+ 4x ntf 
16x2114 

m? 

22x10® 46x10® 
— + 

ŷleld 

Safety factor "d* T d« 

yield - 40000 psi 

Safety factor - 1.4 

-> d® - 5.98 in. 

-> d - 1.34 in. 

So a shaft 1.5 in. diameter has to be chosen when the keyway is taken 

into consideration. 
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APPENDIX El 

Data using only negative pressure head on the 

nonstationary test unit 



Table 1E. Combined data points using only negative pressure head 

Ground Speed Pressure Head 

(mph) 

level height 

(in.) 

Amount of seeds 

picked up 

Ueight 

(lb) X 

Amount of stones 

picked up 

Large Small X of 

Ueight Ueight Stones in 

(lb) (lb) Total 

0.48 1 2.5 1.30 86.6 0.33 0.15 26.9 

0.56 3 2.5 1.29 86.0 0.14 0.26 23.6 

0.56 2 2.5 1.26 84.0 0.13 0.31 25.8 

1.25 3 2.5 0.83 55.3 0.06 0.014 8.1 

0.55 3 2.5 1.30 86.6 0.15 0.32 26.5 

0.72 3 2.5 1.15 76.6 0.2 0.52 38.5 

0.68 1 2 1.18 78.6 0.11 0.25 23.3 

0.58 2 2 1.28 85.3 0.30 0.53 39.3 

0.99 3 2 1.07 71.3 0.14 0.35 31.4 

0.95 2 2 1.05 70.0 0.09 0.16 19.2 

0.76 3 2 1.32 88.0 0.35 0.40 36.0 

0.62 3 2 1.37 91.3 0.32 0.51 37.7 

0.45 2 2 1.40 93.3 0.26 0.45 33.6 

0.58 2 2 1.33 88.6 0.17 0.43 31.0 

1.13 2 2 0.96 64.0 0.14 0.30 31.4 
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Head face velocity (ft/sec) 

Seed 

—B— 

Lor. St 

Sm. St 

Figure 2E. Changes in weight of collected material depending on the head 
face velocity; Head height- 2 inches. 
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Head face velocity (ft/sec) 

Seed 

—B— 

Lor. St 

Sm. St 

Figure 3E. Changes in weight of collected material depending on the head 
face velocity; Head height- 2.5 inches. 



Ground speed (mph) 

Seed 

—B— 

Lar. St 

Sm. St. 
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Figure 4E. Changes in weight of collected material depending on the 
ground speed; Vacuum head, Head height- 2 inches. 



Ground speed (mph) 

Figure 5E. Changes in weight of collected material depending on the 
ground speed; Vacuum head, Head height- 2.5 in. 



224 

APPENDIX E2 

Data using negative pressure and positive pressure heads 

together on the nonstationary test unit. 



Table 6E. Data for the test using the negative and positive pressure heads together 

Ground Speed Pressure Head 

(mph) 

level height 

(in.) 

Amount of seeds 

picked up 

Weight 

(lb) X 

Amount of stones 

picked up 

Large Small X of 

Weight Weight Stones 

(lb) (lb) Total 

0.48 3 2 0.93 62.0 0.3 0.46 44.9 

0.55 3 2 0.80 53.3 0.09 0.24 29.2 

0.59 3 2 0.96 64.0 0.28 0.46 43.5 

0.76 3 2 0.85 56.6 0.1 0.25 29.1 

0.39 3 2 0.96 64.0 0.40 0.25 40.3 

0.48 3 2.5 0.76 50.6 0.11 0.17 26.9 

0.73 3 2.5 0.69 46.0 0.09 0.1 21.5 

0.55 3 2.5 0.77 51.3 0.09 0.29 33.6 

0.38 3 2.5 1.08 72.0 0.24 0.43 38.2 

0.58 3 2.5 0.96 64.0 0.22 0.30 35.1 
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0.4 0.5 

Seed 

—B— 

Lor. St. 
—»— 

Sm. St 

Ground speed (mph) 

Figure 7E. Changes in weight of collected material depending on the 
ground speed; Vacuum and blowing heads together, Head height-
2 inches. 
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Seed 

—B— 

Lar. St 
—•— 

Sm. St 

0.6 0.7 0.8 0.9 

Ground speed (mph) 

Figure 8E. Changes in weight of collected material depending on the 
ground speed; Vacuum and blowing heads together, Head height-
2.5 in. 
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