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The main objective of this study was to investigate a
possible method of harvesting tree fruits. The present method
of mechanically harvesting fruit consiasts of shaking the main
branches of a tree with a mechanical shaker to remove the
fruit. The fruit after being shaken loose falls to a catch-
ing device beneath the tree. Because considerable damage
results to some species of fruit when this method 1is used,
another method of harvesting is desired. The possibility of
using air movement to lower the falling fruit slowly to a
catching device without bruising was investigated. Fruit
removal from the tree was accomplished by hand-shaking the
tree limbs.

Preliminary tests were conducted on various species and
varieties of fruit to determine some of the physical charac-
teriatics. These data were used to determine terminal veloc-
ities of the test fruit which provided design values for the
air velocity necessary to suspend or float the'fruit.

A test duct was conatructed and connected to a fan system
in the laboratory. A device was conatructed above the duct
opening to measure impact forces of falling fruit. The impact
measuring device consisted of SR-4 strain gages in a Wheatstone
bridge arrangement mounted on a cantilever beam. An amplifier
and oscillograph recorder were connected to the strain gages
to record the results.

Fruit was connected to the cantilever beam by a nylon
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line. Tests were conducted by attaching various species of
fruit to the line, pulling the line and fruit upward to dif-
ferent heights and allowing it to drop. At the bottom of the
fall, a knot in the line came into contact with the beam and
produced a deflection which was measured as an impact force.
Several species of fruit were tested by dropping them in air
streams ranging in velocity from zero to the terminal velocity
of the test fruit. The impact force data provided a method
of determining a height of drop in still air that would give
an impact force equivalent to that obtained from dropping the
fruit in a moving air stream.

The laboratory data were used in designing a field test
machine. This machine represented only a portion of a full
scale machine, but the principle involved was the same as for
a full scale machine. The results from this machine were not
completely satisfactory; however, some basic principles were
established.

This study revealed that heavier frult, dropped in a con-
fined air stream, required greater air velocities for suspen-
s8ion than lighter weight fruit of the same specles. Greater
alr velocities were necessary because the velocity required to
suspend frulits was disclosed to be dependent upon the ratio
of fruit weight to projected area. Tests indicated that this
ratio increasea with 1ncfeasing welight.
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Laboratory data indicated that air velocities necessary
to effectively handle fruits by pneumatic methods were very
nearly equal to the terminal velocities of the fruits. Theo-
retical calculations gave the terminal velocity for a McIntosh
apple weighing 0.432 pound as 8,180 feet per minute. Labora-
tory teats for this apple revealed that an air velocity of
6,500 feet per minute reduced the impact force for a five foot
drop to an equivalent value received for a drop of 4.2-inches
in still air.

The results from the field test machine indicated that
fans capable of providing sufficlent air velocities are essen-
tial and may need to be of special design if further work

proves that fruit can be harvested by pneumatic methods.
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LITERATURE REVIEW

Fruit growers and research workers have partially solved
the fruit harvesting problem by providing successful methods
of mechanically harvesating some species of fruit, but for
others the only efficient method is still hand-picking.

Some fruits are not readily adaptable to mechanical har-
vesting, due to their susceptibility to bruising. Catching
and handling is difficult since most fruits cannot be dropped
from great distances onto sharp edges or hard surfaces.

Experiments performed by Gaston and Levin (1951) indi-
cated that drops of three inches or more caused skin breaks
when tender-skinned apples struck sharp edges or wires. When
McIntosh apples three inches in diameter were dropped onto a
hard surface from a height of one inch, the resulting bruises
averaged one-half of an inch in diameter. The larger the
apple the more susceptible it was to mechanical injury. They
also found that apples may be bruised by pressures as well as
drops. When a gradually increasing force was applied to a
portion of the surface area of an apple, no apparent damage
occurred until a point was reached at which a number of cells
collapsed and a visible bruise resulted. The magnitude of
force causing the cells to collapse was designated as the
critical force. Tests made on 80 apples showed that none of

the apples in the trials were bruised by forces of less than



It 1s apparent that mechanization of fruit harvesting
has become necessary for growers to maintain a profitable
operation. The importance of mechanization can be seen not
only in reducing harvest costs and solving the labor problem
but also in providing increased production. Mechanizing the
fruit harvest has been left mainly to the growers, small manu-
facturing companies, United States Department of Agriculture,
hnd universities although a few major machinery companies have
shown some interest.

Methods that have been tried in mechanizing the fruit
harvest include mobile platforms, mobile ladders, hydraulic
booms, and picking tubes. These téchniques have not been
entirely successaful because of the complexity of problems
involved. Fruits, unlike other mechanically harvested pro-
ducts, bruise easily and are highly perishable; therefore,
they must be handled quickly and carefully. Tree structure
is a problem as it varies with age, variety, and method of
pruning employed making some fruit hard to reach. A machine
that will effectively harvest tree fruit must not cause injury
to the tree because it will seriously impair the following
Year's production. _

fhe objectives of this research study were to:

(1) Collect data pertaining to fruit in order to establish

basic physical characteristics.

(2) 1Investigate the use of air as a possible method of

harvesting fruit by shaking it loose from the tree



and allowing it to fall without bruising. This

investigation included:

(A) Laboratory tests to determine

(B)

(c)

(D)

1) the capabilities of a high velocity air
stream in reducing the descent velocity
of fruit.
2) flotation (terminal) velocities of various
species of fruit.
3) 1impact forces received by fruit after fall-
ing in a high velocity air stream.
Calculation of horsepower requirements, fan
size, and number of fans required.
The design and construction of a field machine
which would demonstrate pneumatic possibilities
which might be adopted in principle to a com-
mercial machine.
Testing and evaluation of the field machine

under actual conditions in an orchard.



INTRODUCTION

In production of tree fruits in the United States in
1958, Michigan ranked third in apples, fifth in peaches,
fourth in pears, second in plums and first in sour cherries.
The total value of Michigan production of these crops was
$35,423,000 and for the United States was $421,472,000. Pro-
duction costs for these fruits have increased while the aver-
age price per unit received by Michigan growers from 1953 to
1958 has decreased from six to 28 percent.l

A major portion of the production costs can be attributed
to harvesting. Levin (1959) reported that harvesting and
handling costs amounted to over 50 percent of the cost of pro-
duction for some species of fruit. In addition to high har-
vest costs, recruitment of labor to harvest the fruit has
become a major problem. Much of the available labor lacks
experience. They are demanding higher wages and improved
housing while in return, the growers sometimes receive a poor
quality of harvested fruit due to carelessness of the workers.
Adrian, Fridley, and Kaupke (1959) reported that hand harvest-
ing of trée fruits in California reguired 60 to 100 man-hours
per acre while in the highly mechanized harvest of small grains

only three man-hours were required.

IMichigan Agricultural Statistics, July 1959.



7.5 pounds. Tests with different varieties of apples two and
one-half inches in diameter produced the results given in
Table I.

TABLE I Critical forces for applesa

(For each force a three-eights inch diameter
bruise resulted on a two and one-half inch apple.)

Variety Forceb
: 1b.
Wealthy - 7.5
McIntosh . 8.5
Northern Spy 12.0
Jonathan 18.0

a. Table reproduced from "How to Reduce Apple
Bruising," Gaston and Levin, 1951.

b. Data based on 160 bruise measurements made

on 80 apples.

To determine whether apple picking could be successfully
mechanized and what characteristics an effective mechanical
picker should possess, a time and motion study was conducted
by Gaston and Levin (1953). Their study revealed the follow-
ing pertinent factors:

(1) The motions involved in picking apples are selective,

diversified and complex.

(2) Considerable mechanical injury takes place during

conveﬁtional picking operations.



(3) Approximately 40 percent of the fruit are picked
from the ground and 60 percent from ladders.

(4) Seventy-three percent of the workers time is spent
picking apples.

(5) Nineteen percent of the workers time is spent mov-
ing fruit to and placing 1t in crates, and return-
ing to picking position.

(6) Three percent of the worker's time is spent moving
his ladder.

(7) FPive percent of the workers time is spent in smok-
ing, eating apples, and in other non-productive
activities.

These factors indicated that 22 percent of the workers time
(excluding rest) was spent on unproductive activities; there-
fore, a mechanical device which could eliminate a part of
this time should enable a worker to pick more fruit. They
stated that many growers have tried to eliminate this time
loss by using mobile platforms and ladders.

Development of these methods led to the design of the
"steel squirrel." This machine permitted the operator to
position himself almost anywhere in the tree to facilitate
Picking. Hill and Brazelton (1955) reported that five years
of field tests indicated that a worker on the steel squirrel
could do from one and one-half to two times as much as he
could do on a ladder. They stated that costs for owning and
operating the machine ranged from 21 cents to 33 cents per



hour with the difference being attributed mainly to engine
l1ife and availability of repairs. The machine was widely
adaptable to various climates and type of Jjobs.

Harvesting methods employing hand-shaking, pole, pneumatic
and hydraulic shakers were tried on Michigan grown frults and
evaluated by Gaston, Levin, and Hedden (1958). Experiments
included harvesting trials with red tart cherries, sweet cher-
ries, plums, pears, and blueberries. Chemicals, to loosen the
fruit so that mechanical separation would be easler, were also
used. In conjunction with the shakers, a catching device was
used under the tree to catch the fruit as it fell. Many types
of catching devices were constructed and tested to find one
which would work effectively with a shaker mechanism. Tests
indicated that 80 to 90 percent of the crop could be harvested
with the hydraulic shaker and a cloth covered semi-circular
catching frame on cherries and plums. This method was, how-
ever, objectionable for use on pears since considerable injury
occurred. Comparison of harvesting costs for red tart cher-

ries revealed that for mechanical harvesting 1t cost one cent

per pound as compared to the usual grower coat of two and one-

half cents per pound. Bruising studies indicated that tart

cherries could be harvested with no more bruising than occurs

When they are hand-picked.
Development of hydraullc shakers and catching frames as a

method of fruit harvesting has been continued by a number of

fruit growers constructing and testing catching devices 1in



an attempt to increase the efficiency of operation. Among
these growers 1is Friday Tractor Company, located in south-
western Michigan, who during the 1960 season developed a catch-
ing device which conveyed the fruit up sloping sides to a con-
veyor that moved the fruit to a tank of water. Fork-1ift
equipment was adapted for handling the water tank.

Gaston and Levin (1960) reported that blueberries could
be harvested mechanically by means of a hand held vibrator
that moves metal fingers through an amplitude of one-fourth
to one-half of an inch at the rate of 700 to 800 cycles per
minute. To remove the berries, the fingers of the vibrator
are held against the fruit bearing stems. A vibrator could
separate blueberries from five to ten times as fast as the work
could be done by hand.

Levin, Gaston, Hedden, and Whittenberger (1960) reported
that a tractor-mounted hydraulically-activated boom-shaker
was developed in 1958, by Gould Brothers Incorporated of San
Jose, California, for harvesting nut crops. Tests conducted
on red tart cherries with this shaker during the 1959 season
iﬁdicated that 95 percent of the cherries could be separated
from the tree. The grade of unsorted mechanlcally harvested
cherries varied from 70 to 95 percent U. S. No. 1. Total
mechanical harvesting éosts varied from one-half to over two
and one-half cents per pound. Under conditions existing in
many orchards, mechanical harvesting enabled seven men to do

the work of 33 hand-pickers and reduced harvesting costs by



one-half. They also stated that several hundred bushels of
"jutce" apples were harvested with machines and placed in con-
tainers at a per-crate cost of approximately three cents.

They concluded that improved collecting units may make it pos-
sible to reduce the amount of bruising so that apples which
are to be made into baby food or apple sauce could also be
harvested mechanically.

A time and motion study was made by Adrian, Fridley, and
Kaupke (1959) on boom type tree shakers coordinated with a
low-profile self-propelled catching frame. Prune harvesting
tests with this equipment indicated that it was possible to
harvest 30 boxes per man-hour with a shaker speed of 30 trees
per hour. This was six times the rate of the average hand
harvest. Bruising damage to the prunes amounted to about six
percent. A harvest rate of 60 trees per hour with a three
man crew was obtained in 1960, Bulk handling of the fruit
was required for this harvest rate. This method also was
tried on peaches, apricots, and olives, but to minimize fruit
on fruit impact, baffles were needed to decelerate the fruit
before it fell on the convéyor area. With these fruits, two
additional problems were apparent. These consisted of damage
to the fruit before it separated from the tree and damage to
the fruit by limbs as it dropped through the tree.

Levin (1958) reported that time and motion studies revealed
that on the average a human picker separates apples from the

tree and places them in a field box at the rate of one every
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three seconds. From this fact, it is apparent that a mechan-
ical harvesting method for apples will need to be at least
this efficient and must accomplish the job without causing
mechanical injury to the fruit.

Hydraulic boom type shakers in combination with catching
frames have contributed considerably to a solution of the har-
vgsting problem for some tree fruits, but a problem still
remains for others. An annual report by Adrian (1958) stated
that boom type shakers have not proven satisfactory for use
in the coastal areas where normally three to four harvests
are required. As a solution to this problem, it was felt that
a pulsating air blast might shake the trees sufficiently to
remove the frqit. Tests were conducted on prunes in 1958 with
a John Bean speed sprayer on which the nozzle had an oscillator
attachment to produce a pulsating air stream. The unit was
moved down the rows at ground speeds of one and two miles per
hour. Fruit removal was nearly the same as that for hand-
shaking. Adrian reported that 1959 trials included a blower
on which the rate of air flow and frequency of cycling could
be varied. A Buffalo centrifugal fan was used which had noz-
zle areas of one-half and one square foot. The nozzles were
driven through an arc of about 90 degrees in order to subject
the tree to several sharp blasts of air. Ground speed was
about one-half mile per hour. The nozzle oscillated at speeds
that varied from 60 to 120 cycles per minute. Air velocities
ranged from 5,440 to 9,150 feet per minute with the higher
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velocities being more effective. The controlling factor on
fruit removal was the ratio of force required to remove the
fruit from the tree to the weight of the fruit (F/W). This
ratio (F/W) represented the number of g's acceleration required
for fruit removal. In any évent, it was found that a higher
percentage of fruit must be removed for this method of harvest
to be practical.

The citrus industry is also experiencing labor problems
in harvesting citrus fruit and, therefore, are looking toward
mechanization as a solution. Coppock and Jutras (1959) reported
that preliminary tests of a boom type tree shaker for harvest-
ing grapefruit and oranges proved unsatisfactory. Consider-
able bark damagé occurred from the limb grasping device on
the shaker and only 50 to 80 percent of the fruit were removed
with oranges being the most difficult to shake loose. A mobile
pickers platform was constructed for use in studying the design
requirements and economics of this general type of machine.

It was found for picking Valencia oranges that the operational
picking rate of an inexperienced operator using the pickers
platform was increased four percent over»that for conventional
methods. A new method being developed by Coppock (1960) is

a "picking spindle.” This device consists of spindles three
inches in diameter and 24-inches long mounted parallel on
four and one-half inch centers. The spindles have tapered
flights of rubber which form an auger. The flights rotate
and gently pull on the fruit until it 1s detached from the

tree.
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The development of bulk bins for use in harvesting and
handling fruit has helped tremendously in paving the way for
mechanical fruit harvesting. McBirney (1959) reported that
about 186,000 bins were used in the Pacific Northwest area in
1958. Research revealed that apples and pears could be har-
vested and handled in bins with no more injury than when har-
vested. in standard boxes. Bulk bins usually hold about 25 to
27 apple boxes of fruit. The Northwest standard apple box
has a volume about one percent greater than a standard bushel.
Bulk bin size is commonly 4T- to 48-inches square, 29-to 33-
inches high outside and 24-to 28-inches high inside. They
weigh from 100 to 150 pounds and their gross weight when
filled with apples 1s approximately 1,000 pounds. There are
many advantages associated with their use, some of which are,
faster picking, total cost savings, labor savings, improved
fruit quality, and more storage capacity. It was reported
that bulk handling saved Washington State about half a million
dollars in 1959.

McBirney also reported on some of the picking alds tried
in the Pacific Northwest. Among these was a vacuum type pick-
ing unit developed by a New York manufacturing firm for apples,
oranges, and perhaps other fruit. This device consisted of a
vacuum chamber on.the end of a long supply tube attached to
a vacuum supply. Fruit was placed in the vacuum chamber by
an operator on the ground maneuvering the vacuum chamber to

the fruit. The vacuum power unit exerted a pull on the fruit,
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separated it from the branch and allowed it to fall to the
ground through‘a cushioned spiral conveyor tube attached to
the vacuws chamber. Tests in 1956 with the unit indicated
that apples could be picked without brulsing, however, the
unit was slower than hand-picking and it was very tiring to
operate. Another method was a picking funnel and tube. The
funnel was attached to the picker with the tube extending
down to a bin. The worker was positioned by a mobile plat-
form. Tests of this type of equipment indicated an increase
in picking rate of about 40 percent. McBifney reported that
one or’the newest ideas is hedgerow planting of dwarf or semi-
dwarf trees planted in 12 foot rows and pruned to give a four
foot width. Picking will be accomplished by pulling a pick-
ing machine through the space between the rows. The picking
machine will consist of pickers on elevated platforms pick-
ing about two feet into each tree row.

An article appearing in the Farm Journal (1960) stated

that dwarf trees are becoming popular throughout the country
from Maine to Washington. Besides cutting costs, these trees
start producing two or three years after planting, produce
higher quality fruit than standard trees because of better
spraying and pruning, produce up to 2,700 or 3,600 bushels of
fruit per acre and clin;nate dangerous and expensive ladder
work. They are planted as a row crop six feet apart in the

row with 12 feet between rows, giving 605 trees per acre. A
grower in Grant County, Washington reported that his 1959 costs
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with dwarf apple trees averaged $300 an acre. Aside from
14.2-cents per 40 pound lug for picking,his highest cost was
$30 per acre for hand weeding. Similar costs in standard trees
may run $500 to $700 per acre. Thus, dwarf trees reduced the

cost per acre by approximately one-half.



PHYSICAL CHARACTERISTICS OF VARIOUS SPECIES OF FRUIT

Large variations among fruit species were evident, there-
fore, it was necessary to establish basic values for some of
the physical characteristics. These characteristics were
necessary to facilitate theoretical calculations and provide
information applicable to pneumatic fruit harvesting as described
in thia manuscript.

The following information was obtained for each species
and variety:

(1) Average diameter.

(2) Average weight.

(3) Ratio of weight to pfoJected area.

(4) Average area.

(5) Force required to remove the fruit from the tree.

(6) Relation between force to remove the fruit from

the tree and the weight.

(7) Firmness of the flesh for some species of fruits.

Apparatus
Scales
A Mettler Precision Balance, model K7T, was used to weigh
the fruit. This balance had a range of zero to 800 grams
with scale divisions calibrated in tenths of a gram.

Caliper and engineers scale

An outside caliper was used to determine the fruit diameters



16

and an engineers scale used as a standard of comparison for

obtaining the diameter measurements from the calipers.

Pressure tester

A Magness-Taylor pressure gauge was used to determine
firmness of some of the fruit. This device consisted of a
plunger, with a changeable tip for use with different fruit.
The tip of the plunger was pressed into the flesh of the fruit
where the skin had been removed. The resistance of the fruit
to penetration of the plunger tip was registered on the handle
of the tester in pounds. The plunger tip contained a line
which indicated the depth that the tip should penetrate the
fruit.

Spring scale

Spring scales with ranges of zero to 64 ounces and zero
to 25 pounds were used to pull on the fruit and measure the
force required to separate the fruit from the supporting
limb. A small wire hook was constructed, for each type of

fruit, as a means of attaching the fruit to the scales.

Procedure
Different apecies and varieties of fruit were selected
from those available on the Michigan State Univeraity Horti-
cultural Farm. The fruit was removed from the tree by the
spring scale for each species and variety choaen. This con-
8isted of attaching a specially designed wire hook to the
Scale and then slipping the wire hook around the fruit. The
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hook was arranged in a stable position to permit application
of a pulling force through the scale in a direction parallel
with the fruit stem. Force was steadily applied to the scale
manually until the fruit separated from its supporting limb.
The magnitude of force occurring at separation was observed
and recorded for a total of 50 fruits for each species and
variety. Each fruit was given an identifying number by plac-
ing the number on masking tape and than securing the fape to
the fruit.

Each of these fruits was weighed. Diameter measurements
were taken with the caliper by measuring the maximum and mini-
mum diameters The maximum and minimum diameters occurred at
different orientations on the fruits for the various species,
but in most cases, for varieties of the same species, these
measurements occurred at the same orientation.

Firmness tests were made on peaches and apples with a
Magness-Taylor pressure gauge. These measurements were obtained
by removing a thin slice about the size of a nickel from the
surface of the fruit. By holding the fruit in the palm of
the hand, the plunger tip was placed on the cut surface and
force applied to the gauge handle with the other hand to cause
the tip to penetrate the flesh of the fruit. For peaches, a
five-sixteenths inch diameter tip wes used and a seven-six-
teenth inch diameter tip used for apples. Two measurements
were made on each fruit. On peaches, these measurements were
obtained ffou the cheek and suture. The suture 1s defined as

the seam extending from the stem end to the blossom end and
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connecting the cheeks of the peach. The cheeks are located
on either side of the suture. On apples, the firmness readings
were obtained from the blushed and unblushed areas. The blushed
area 1s the area where more color change has occurred and the
unblushed is the area which lacks color compared with the
blushed. The unblushed area is usually yellow in color and
is called the "ground" color or underlying color.

The frult selection for each spgcies and variety, here-
after called samples, was made at random from the tree and an
attempt was made to choose fruits of various size, shape, and

maturity on the same tree.

Results

The results are presented in Table II as average values
for the samples of 50 fruits eacb.. The average fruit diameters
appearing in Table II were obtained by averaging the maximum
and minimum diameter measurements of each fruit and then aver-
aging these values for the entire sample to obtain single
average values., The values of projected area and the ratio
of weight to projected area were computed using the average
values for diameﬁera and weights of the various fruits.

Graphs were constructed to determine the relation between
weight and projected area for each sample of fruit. Two of
these graphs are presented in Figures 1 and 2. The remaining
graphs are presented in Figures 3 through 10 and are included
in Appendix I. The graphs shown in Figures 1 and 2 were
aelected.fron the graphs for the entire group of samplea as
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representing those with the greatest and least scatter of
points from a line. The data on these two graphs were sub-
Jected to correlation and regression analyses and the method
of least squares used to obtain the regreasion lines through
the scatter of points. Also, the standard error of estimate
was computed and 1s shown on each graph by the dashed 1line on
either side of the regression line. For clarity, only the
results of these computations are shown in Table III. The

details are presented in Appendix II.

TABLE III Results of regression analyses

e ——————

Correlation Standard Equation of Regression Line
Coefficient Error of ¥ = Ratio of Frult wt. per
(r) Estimate proj. area

(Se)  x = Weight of Fruit

** 4 0. 4 § = 0.0285+ 0.000304 (x)
Fig. 1 0.844 0.000954 ¥ 5 o 00954
Pig. 2 0.995"% +0.00205 % = 0.0438+ 0.05338 (xg0205

(##) Highly significant. ¥ = An estimate of y.

A statistical analysis was not applied to those graphs appear-
ing in Appendix I since the graphs of Figures 1 and 2 were
chosen as representative of the extremities of all the samples.
The data on the graphs in Appendix I are expected to give a
correlation coefficient of 0.844 < r < 0.995. Regression

lines drawn on these graphs were not calculated, but were

estimated by averaging a group of points at each end of the
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plot and then constructing the line through the average of
these points.

Discussion

Theoretical calculations which are presented in the fol-
lowing section (THEORETICAL ANALYSIS) disclosed that air
velocities necessary to suspend fruit in an air stream are
dependent upon the ratio of fruit weight to projected area.

It was revealed by the data collected that this ratio varied
anong fruits of the same species. Therefore, the relationship
of this ratio with fruit weight was established.

The graphs presented in Figures 1 through 10 give the
joint distribution of fruit weight and the ratio of fruit
weight to projected area. Correlation analyses were conducted
with the data from two of these graphs (Figures 1 and 2) to
determine the degree of association between these varlables.
Also, regression analyaés on the same two samples were con-
ducted for the "regression of the ratio of fruit weight to pro-
jected area on weight." In statistics, the word "regression"
means average relationship, thus the analyses presented gives

the relation between the mean value of the weight to projected

area ratio for a given value of weight. The regression lines

for the graphs of Figures 1 and 2 permit estimating the ratio

of weight to projected area when the weight is known. These

regressions ahoﬁld not, however, be used to estimate the weight

with a known weight-projected area ratio.

points on the gfaphs for all samples (Figures 1 through

The scatter of
10)



indicated that the relationship between these variables was
linear. To establish whether or not a linear relationshilp
could be assumed for calculation purposes a theoretical
equatlion was established. The derivation of this equation
consisted of representing the fruit weight as

W= XV (1)

where:
Y = specific weight of the fruit, pounds per
cubic foot

V = volume of the fruit, cublc feet
Assuming the fruit as spheres permitted representing the
volume as

vae bz 3 (2")
Substituting eqiation (2”) into equation (1/) gives

W o= % 7Y p3

and solving for (r) gives

3 /
rz_\/ TV (37)
BTy
The ratio of fruit weight to projected area can be written as
We b ger’ eiur ()
A 37r? 3

/ /
and substituting, equation (3 ) into equation (4 ) gives

3 g /
W =347/ 3W =C AW (5)
A3 R

where:

-

c-“\-'3 3
3 Ty
Equation (5° ) gives the relation between fruilt weight and the
ratio of fruit weight to projected area and reveals that

instead of a linear relationship, a cublc relationship exists.
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Values of the ratio (%) were computed with equation (5 )
using the fruit weights encountered in this study. Graphs
made with these data revealed that for the range in fruit
weights for a species very little change in slope occurred
and for all practical purposes a linear relationship could be
assumed. The computations involved in the regression analys:s
were therefore based on a linear relationship.

The coefficients of correlation (r) for the data contained
In the graphs of Figures 1 and 2 are presented in Table III
with double asterisks attached to the values indicating that
each value was highly significant. The correlation coeffici~nt
for a sample of this size (N = 50) with N-2 degrees of freedom
need only be equal to qr greater than 0.279 to be significant
at the five percent level and equal to or greater than 0.361
to be significant at the one percent level.2 These values of
correlation coefficients to be significant, mean that when
there are 48 degrees of freedom, only five percent of the time
would a correlation coefficient as large or larger than 0.279
occur "by chance" if the true or population correlation coeffi-
clent was zero. And only one percent of the time would a
correlation coefficient as large or larger than 0.361 occur "by
chance'" if the true or pcpulation correlation coefficient was
zero.3 Hence 1t can be concluded that the probability of being
wrong, in using the regression line to estimate the weight-
area ratio, is less than one percent. Therefore, the cor-

relation coefficients obtained from the analyses can be

2Values of correlation coefficients obtained from Table
11, wWalker and Lev.

3Garrett, 1956.
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labeled highly significant indicating that there was a high
degree of association between the two variables on each graph.

The equations of the regression lines can be used to com-
pute an estimated weilght-area ratio if the weight is known.
These equations, however, provide an estimated value that
falls between the value obtained, plus or minus the standard
error of estimate.

This same type of analysis could be applied to those
graphs appearing in Appendix I. The author feels, however,
that the results obtained with the graphs given in Figures 1
and 2 would include within these 1imits any results obtain-
able from the remaining samples. These analyses revealed that
the ratio of fruit weight to projected area does not remain
constant among fruit of a species but increases with increas-
ing fruit weight. Since a high degree of association exists
between this ratio and fruit weight, the weight-area ratio can
be estimated from the regression lines if the weight of the
fruit 1s known.

Graphs were made for the force required to remove the
fruit from the tree versus the weight of the fruit for all the
samples. The points were highly scattered and did not readily
suggest any relationship; Correlation analyses were made for
‘the data of two samples (peaches and apples) which were chosen
to represent the samples with the least and most scatter of
points. These analyses and the graphs (Figures 11 and 12)
are presented 1n.A§pend1x II. As an approximation for a line
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through the scatter of points, a linear relationship was
assumed. The analyses gave negative correlation coefficlents
for each sample with one correlation coefficient at the border-
line of being significant at the five and one percent levels.
The other correlation coefficient was nearly zero, indicating
that very 1ittle relationship existed.

To eliminate any error involved in the method of obtain-
ing these forces, the pulling force data were grouped and
graphs constructed for groups versus fruit weights. These
graphs did not present any significant change from the pre-
vious graphs. It was, therefore, concluded that the resulte
of the correlation analyses for these data were valid and
there was no linear relationship between the force to remove
the fruit from the tree and the welght of the frult.

It was also concluded that fruit maturity was probably
the most predominant factor in causing the variation in pull-
ing forces since fruit of various maturities were selected.

The force required to puncture the fruit's flesh, obtained
by a pressure tester, was presented in Table II for apples and
peaches. Fruit growers usually employ this tester as an aid
in determining the maturity of fruit to allow them to select
the proper time for picking. This tester was used in a study
conducted on bruising of McIntosh apples in a packing house
by Burt (1959) to determine the firmness at which apples could
be handled mechanically. The evidence found indicated a firm-

ness index around ten or eleven pounds below which apples
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could not be safely handled mechanically on a packing line.
They found that firmness of the fruit was probably the most
important single factor in determining the amount and severity
of bruising incurring to an apple in the packing operation.

The firmness data given in Table II was obtained only
to establish typical values of the relative firmness between
different varieties and apecies of fruit. No attempt was made
to use this data to determine the degree of handling permis-
sible in harvesting.

Smock and Neubert (1950) stated that there are numerous
limitations of the pressure tester. These limitations should
be considered before trying to evaluate any pressure test
data. Some of the factors are:

(1) The firmness of a given variety varies from season

to season.

(2) The rfirmness of a given variety varies from one
location to another.

(3) The pressure tester usually gives a higher reading
on the blushed side of the fruit than on the
unblushed side.

(4) ﬁature well-colored apples on the outside of the
tree may have a higher pressure test than less
mature apples on the inside of the tree.

(5) Soil fertilization with nitrogen fertilizer applica-
tion may affect the firmness.

(6) Temperature of the fruit and its moisture content



have an effect on the pressure test reading.

(7) Pruit size has an influence on firmness. Large
fruits are usually but not always softer than
small fruits.

The primary usefulness of the test 1s to tell the dif-

ference in firmness between two or more lots of the same
variety on a given date or to tell the general degree of

ripeness.



THEORETICAL ANALYSIS

To aid in designing laboratory and field apparatus for
conducting tests on various species of fruit, an analysis of
a particle in an air stream was made. The principal items of
investigation were: air velocities needed for flotation of
fruit, fan size and output, and horsepower requirements.

A particle in free fall will reach a steady-state veloc-
ity that depends upon the physical characteristics of the
particle, the fluid in which it is falling, and the accelera-
tional force. The steady-state velocity (terminal velocity)
is also the air or liquid velocity required to suspend or
float a particle.

The net force acting on a particle in a given direction
(in this case vertical) is the sum of the frictional force
and the external force. The following analytical procedure
is adapted from a treatment of this particle characteristic
by Lapple and Shepherd (1940).

For a particle falling in a vertical air stream,

TTTtr



30

the forces involved are

m’dVE s W -F (1)
where:

W = particle weight, pounds

F = frictional drag force, pounds

but considering the buoyant force of the air gives
w = KP% - Uln\-;
and by definition, the drag force 1s

F=CVeyA
28

therefore equation (1) becomes

mav, =n(¥-Y)- C Vey A
/Y L(%-Y) Rt

or

g
o
n

g/%=¥\-CVeyA (2)
a-t— ’ \ b’P 2 W

V = relative velocity (V, + Vb), feet per second
V,= velocity of the particle, feet per second

Va= velocify of the alr, feet per second

time, seconds

= particle weight, pounds

fluld specific weight, pounds per cubic foot
= specific weight of particle, pounds per cubic

o f? = o

foot
C = particle aerodynamic drag coefficient,

dimensionless



31

N, = volume of particle, cubic feet
A = projected area of particle, square feet
g = acceleration due to gravity, 32.2 feet per

second per second

m = mass of the particle

This equation must be solved by a method of approxima-
tions since it cannot be solved explicitly. Solving this
equation by the method of approximations will not be dealt
with here as this analysis pertains to finding a steady state
velocity. For steady state conditions dVb/dt is zero and
equation (2) can be solved for terminal velocity giving

V= vgis_}z <Ug;PK> (3)

For most agricultural products, the term (5&-K‘>1s very
%

nearly unity; therefore, it will be neglected in calculations
involving equation (3).

Equation (3) can be used to detefmine the terminal veloc-
ity of a particle falling in still air or it can be used to
determine the air velocity necessary to suspend or float a
particle. The latter is the principle concern of this analysis.
Henderson and Perry (1955) presented a method of solving equa-
tion (3) but for this analysis the following procedure was
used.

Drag Coefficient (C) is a function of velocity, thus a
direct solution of equation (3) is impossible unless values of

drag coefficient can be determined. To make use of existing
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data for drag coefficients, the assumption was made that all
particles encountered in this work were spheres. This assump-
tion was justified for most of the gamples used. Dalla Valle
(1948) indicated that existing data for drag coefficient on
spheres had been determined by Wadell (1934). His results were
presented by Dalla Valle in a graph of drag coefficient'versus
Reynolds number (Re). Reynolds number is dimensionless and is

equal to Vg d¥ , where d is the average diameter of the sphere

/LI

and/u is the viscosity of the air,
For a particle having vertical motion in a gravitational
field, Dalla Valle presented the following three equations

which cover the span of the curve mentioned above.

a) Streamline motion 10"u< Re<?2, C = 24/Re
b) Intermediate motion 2<Re <500, C = 0.4+ 40/Re
¢) Turbulent motion 500< Re <10°, C = 0.44

Vennard (1958) presented a plot of the same variables
over a wider range of Reynolds nuﬁbers and stated that the
drag coefficient for a sphere is roughly constant from Re ~
1,000 to Re~2.5 x 10°. At Re~2.5 x 102, the drag coefficient
suddenly drops more than 50 percent and then increases grad-
ually with further increase in Reynolds number.

- To establish which value of drag coefficient applied to
fruits, an air velocity was assumed and a Reynolds number com-
puted. A corresponding value of drag coefficient was obtained
from the graph of Reynolds number veraus drag coefficient pre-

sented by Vennard. These values were used in equation (3) to
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solve for the weight (W) which the assumed air velocity could
support. This welght was compared with the weight of fruits
given in Table II to determine whether the air velocity should
be increased or decreased. A few trials indicated that a
velocity of 3,000 to 7,000 feet per minute was needed tc sup-
port the fruit of the weights given. Reynolds number ranged
from 10’4 to 1.5 x 105 for these velocities, thus the motion
was in the turbulent range and the drag coefficient could be
taken as constant and equal to 0.44.

To facilitate computations of terminal velocity, standard
alr conditions of 70 degrees Fahrenheit at one atmosphere of
pressure and 50 percent relative humidity were assumed. The
specific weight of air at these conditions is given as 0.075
pounds per cubic foot and the viscosity is equal to 1.232 x
10'5 pounds per foot‘.-second.,4 Using (¥) equal to 0.075 pounds
per cubic foot and (C) equal to 0.44 reduces equation (3) to

V =31,800 , / W (4)
where:
V = terminal velocity, feet per minute

W/A = ratio of fruit weight to projected area,
pounds per square inch.
This equation indicatea that the terminal velocity of
fruit is dependent only on the ratio of fruit weight to pro-

Jected area under the assumed conditions.

uMadison, R. D. (1949).
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Table IV presents the results obtained by using equation
(4) to calculate terminal velocities of the various fruits.
The weight-area ratios for these calculations were obtained
from Table II, Figures 1 and 2 and from the graphs contained
in Appendix I.

Values of Reynolds number given in Table IV are within
the range, given by Dalla Valle and Vennard, for which drag
coefficient is roughly constant and equal to O.44, Thus, the
terminal velocities computed with (C) equal to 0.44 and given
in Table IV were acceptable; These velocities apply only to
alr conditions of one atmosphere at 70 degrees Fahrenheit and
must be computed for conditions other than these.

Theoretically, flotation or suspension of average specimens
of these fruits should occur at the terminal velocities given
in Table IV. The data from Figures 1 and 2 and that of Figures
3 through 10 in Appendix I indicate that lighter weight fruit
will move upward and heavier fruit will move downward in an
air stream with the velocities given in Table IV for the fruit
welghts given.

Under actual conditions, it would be desirable to use an
air velocity which would allow all fruit to descend slowly

in an air stream and gently be caught on-a catching mechanism.

Horsepower Consideration
An important consideration is the horsepower required to
move air at these velocities. The following formula gives the



35

TABLE IV Terminal velocities
Fruit - Weight Ratio of Reynolds Terminal
Weight Number Velocity
1b. PFBJTEIF‘E Re £t./min.
1b. /in.
APPLES
McIntosh  0.371 0.0626 1.83 x 10° 7950
Cortland 0,392 0.0654 1.89 x 102 8130
Jonathan  0.288 0.0561 1.63 x 10° 7580
Northern
Spy 0.403 0.0649 1.91 x 102 8100
APRICOTS
Montgamet 0.064 0.0386 7.60 x 10% 6250
BLUEBERRIES
Jersey 0.001 0.0118 1.02 x 104 3450
CHERRIES
Montmoreney 0.010 0.0194 3.12 x 104 4440
PEACHES
Red Haven 0.396 0.0646+0.00205 1.89 x 10° 8080+ 130
Elberta 0.404 0.0658 1.92 x 105 8160
PLUMS
Stanley
Prune 0.078 0.0392+0.000954% 8.45 x 10% 62904+ 80
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air horsepower required.

Air horsepower = Q T H

33,000
where:
Q = cubic feet of air delivered per minute
Y = specific weight of fluid, pounds per cubic foot
H = total head, feet

Total head 1s composed of static and velocity pressure. It

is assumed for this application of fans that static pressure
would be negligible; therefore, free delivery was assumed and
only velocity pressure considered in the head (H) term. The
velocity head is given by Vg/?g. To compute the volume flow
rate (Q), it was necessary to assume a diameter for the branch
area of a tree. This diameter was assumed to be 15-feet.

Using air conditions of 70 degrees Fahrenheit at one atmosphere
and an air velocity of 7,000 feet per minute gives the fol-
lowing results:

Q =V, A=7,000ft. x 3.14 (225) ft.2
min. 4

1,238,000 cfm

v§ = (7,000)° £t.2 x min, 2 x sec.?
2g min.2 3,600 sec.? bI. T TT.

u.g x 107 - 212 feet of head
F L]

Specific weight of air (¥) = 0.075 1b./ft.3

1,238,000 50.075) 212
}

595

e ]
n

Air horsepower
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The air horsepower is the horsepower required to move
the air. Additional power must be supplied to overcome the
resistance of the system. The actual or shaft horsepower can

be expreased in the following manner:

Shaft horsepower = Alr Horsepower
Total HecﬁanIcaE Efficlency

Assuming an efficiency of 60 percent for propeller fans, gives

Shaft horsepower 86283'- 992

If four fans were used around a tree, each fan would be
required to move air at 1,238,000/4 or 309,500 c¢fm. The horse-
power requirement would be 248 horsepower per fan based on the

above efficiency.



EXPERIMENTAL INVESTIGATION
Laboratory Tests

Before attempting design and construction of a field
machine, laboratory tests were conducted to determine perti-
nent information. This sectlion describes the procedure involved
and discusses the results,

The objectives of the laboratory tests were to determine:

(1) The effect of a high velocity air stream on reduc-

ing impact forces occurring for falling fruit.

(2) The magnitude of the impact forcea for fruit fall-

ing in an alr stream at various velocities.

(3) The magnitude of air velocity required to minimize

bruising incurred in falling.

Apparatus
Fans. Two backward curve centrifugal fans mounted together

on the same base and driven by a single shaft were used to
supply high velocity air movement. These fans with their out-
lets connected together by a transition section were capable
of moving air through a ten inch square duct at 7,000 feet

per minute.

Engine. Power to operate the fans was provided by a Wis-
consin 'V-4" air-cooled engine capable of providing approxi-

mately 24 horsepower at 2,200 revolutions per minute. This
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engine supplied power to the fans through V-belts connected

to give a 3.81 step-up ratio. The step-up ratio was necessary
to obtain desired fan speeds since the engine contained a two
to one reduction unit on the drive shaft. A clutch unit was
provided on the engine drive shaft for disengagement of the

fans from the engine.

Duct. A duct ten inches square, conforming to A. S. M, E.
Tests Code recommendations for fans, was constructed. These
recommendations stated that the duct length should not be less
than ten duct diameters, a straightener located at a distance
not less that six duct diameters and pitot tube openings
located at a distance not less than seven and one-half duct
diamenters from the fan end of a straight and uniform section
of the duct. The duct consisting of uniform cross section
was l4-feet high with the lower eight feet constructed of
three-eights inch plywood and the upper six feet constructed
of three-sixteenths transparent plastic. A honeycomb type
atraightener with one inch cell spacings and three inches in
length was constructed of thet metal and located eight feet
from the fan end of the straight section of the duct. Five
holes seven-eights of an inch diameter were cut in one wall

of the plastic section to facilitate entry of a pitot tube.
These holes were 1oc§ted'n1n; feet, five inches from the fan
end of the straight section of the duct. The holes were
tapped to permit closing with a threaded metal plug. A small

door was constructed dircctly above the holes to provide
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entry into the duct. The plastic and plywood sections were
butted together to form a Joint with a smooth surface inside.
The two sections were secured to each other by clamp tighteners.
The entire length of duct was mounted atop a transition sec-
tion connected to the fans. The transition section was con-
structed according to the Fan Test Code recommendations.

These recommendations provided a transition section 42-inches
in length with a taper of seven degrees from the fans to the
inlet at the straight section of the duct.

Pitot Tube. The pitot tube used was the "combined" type
having stagnation and atatic-pressure measuring devices. It
was inserted through the holes in the plastic wall to obtain
pressure differences. A small plastic plug, three inches long
and seven-eights of an inch in dlameter was bored lengthwise
to accammodate the pitot tube and screw into the holes in the
wWall of the duct. This arrangement permitted traversing the
duct in two directions with the pitot tube to obtain measure-

ments at the center of 25 equal areas.

Manometer. A "U" tube type manometer was used to indicate
difference between static- and stagnation pressures. Water
was used as the manometer liquid and a drop of food coloring
was added to make the water more distinguishable against the
background. A meter stick mounted between the legs of the
manometer was used to measure the difference in water levels.

The manometer was connected to the pitot tube by rubber hoses.
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Tachometer. An electronic tachometer was used to determine
revolutions per minute of the engine drive shaft. This unit
consisted of a small two-pole generator attached to the drive
shaft by a flexible coupling. The generator produced an elec-
tric signal that was fed into a timing device (manufactured
by Standard Electric Company) that indicated revolutions per
minute directly.

Strain Gages. Type A-5, SR-4 strain gages were mounted on
a cantilever beam to measure impact forces applied to the beam.
Four gages were used to form a Wheatstone bridge arrangement
for connection to an electronic recording device. The gages
were mounted one inch from the support with two gages on the

bottom and two on top of the beam.

Cantilever Bean. Calculationas based on formulas of strength
of materials ylelded dimensions for a cold rolled steel beam
three-sixteenth of an inch by one inch by fifteen inches

a8 satisfactory design values. The beam was secured by strap
iron clamps to a two inch angle iron frame, Small holes were
drilled through the beam at distances of 13, 15, 17, 18, and
20-inches from the support. These holes made it posaible to
attach the fruit to the beam at different locations to minimize

beam deflections for different sized fruits.

Recording equipment. A Brush Strain Analyzer and oscillograph
were used for measuring impact forces. The recorder was

calibrated physically by applying a known amount of weight to
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the beam and adjusting the pen deflection accordingly.

Procedure

An air duct was constructed, as previously described,
and connected in a vertical position to the fans by the tran-
sition section as shown in Figure 13. Figure 14 shows the
upper section of the duct protruding through the floor from
the floor below. The engine speed was controlled from the
upper floor level by a throttle arrangement on the small saw-
horse device shown in Figure 14,

Air velocity measurements were made with the pitot tube
for various fan speeds. For each fan speed, a series of 25
pressure differences were obtained by traversing the duct in
two directions. This was accomplished by removing a plug from
one of the openings in the duct wall and inserting the pitot
tube. The plastic jacket around the pitot tube was screwed
into the hole to insure an air tight fit and to hold the pitct
tube'rigid while being moved across the duct area. The pléstic
Jacket ccntained sufficient tolerance in the bore to allow
the pitot tube to slide through it. After the duct was tra-
versed at one opening, the pitot tube was removed and placed
in each of the cther holes to obtain a complete traverse of
the duct (25 measurements).

Average velocities were computed for the duct cross sec-
tion at various fan speeds. Computations were based on stan-

dard air at 70 degrees Fahrenheit, 29.92 inches of mercury
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Figure 13. The engine, fans, and duct assembly
used for laboratory tests.

Figure 14. Upper portion of the duct
extending from floor be-
low and some of the equilp-
ment used.
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and 50 percent relative humidity.5 The equations involved

are:
V = 1,096.5 1/ _P_ (Any air condition)
o]
and |
V=4,005 1V p (standard air conditions)
where:

p = head or pressure in inches of water

¥ = specific weight of air pounds per cubic foot
(0.075 pounds per cubic foot for standard air)
V = air velocity, feet per minute

Figure 15 shows a graph of average velocities versus drive
ahﬁtt revolutions per minute. This graph was used as a cali-
bration curve for the tachometer. Fan speed was adjusted by
the tachometer to give a desired air velocity. The tachometer
is shown at the far right in Figure 14.

Directly above the duct outlet, a frame of wood and angle
iron was constructed to provide a mounting for a cantilever
beam. The beam was mounted onto this frame with the free end
directly above the duct outlet. Figure 16 shows this arrange-
ment. A V-shaped trough was placed beneath the beam to elim-
1na£e effects of the air stream on the beam. Figure 17 shows
the under side of the trough as it appeared above the duct

opening.
The frult was attached to the bean with a nylon line

SMadison, R. D. (1949).
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Figure 16. Cantilever beam with strain giges
mounted ibove the duct outlet.

Pigure 17. V-shaped trough above the duct outlet
shielding the cantilever beam from the
air stream,
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threaded through a small opening in the trough, through a
hole in the beam and secured by placing a knot in the end.
The other end extended down into the duct for attachment of
the fruit. Figure 18 shows the device used for attaching
apples. The needle formed from a nail with an enlarged head
was inserted through the apple from blossom end to stem end.
Figure 19 shows an apple attached to the nylon line with this
device. For those fruit with a pit in the center, a sewing
needle was used to insert a short length of nylon line through
the fruit on either side of the pit and equip it with a small
disk on the bottom side. The disk prevented the line from
pulling into the flesh of the fruit.

Tests were conducted by pulling the line with the fruit
attached upward with the line placed inside the small plastic
tube mounted above the beam. The amall tube served to hold
the line in a vertical position above the beam. When the fruit
ias released from different heights marked on the small plastic
tube and allowed to fall, it was brought to a stop by contact
of the knot in the line with the beam.

The beam was manually given an initial deflection before
releasing the line to allow the fruit to fall. The purpose
of this deflection was to indicate on the recorder an initial
point from which the time required for the fruit to fall could
be measured. Figure 20 shows a section of oscillograph tape
with recorded results of a typical drop. The time required
for the fruit to fall from the raised position to the position
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Figur= 18, Device used for attaching apples to
the cantilever beam.

Figure 19. An apple hanging inside the plastic
duct from the cantilever beam,
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occupied when fully supported by the beam was computed from

the oscillograph tape. The oscillograph was operated at a

speed of five inches per second which is one of the three

standard speeds of an oscillograph. This speed was checked

for accuracy with a stop watch. The time required for the

fruit to fall was measured from the release point, shown in

FPigure 20, to the impact point. The magnitude of the impact

force was determined by the lines of deflection from the

reference line to the top of the deflection curve. A hard-

rubber damper was mounted with slight contact to the beam at

the free end. This damper eliminated beam vibration between

the release point and impact point.

Experiments were performed with different species of
fruit by dropping them from one-half, one, two, three, four,
and five foot levels. Each fruit was dropped from these

heights in air velocities ranging from zero to 6,500 feet per

minute.

Results
The results obtained are presented on the graphs in

Figures 21 through 24a. The graphs showing coordinate points

were plotted directly from experimental data. The graphs

showing curves with no coordinate points were obtained from

thq graphs of the experimental data.
The theoretical terminal velocities of the test fruit

were computed by equation (4) and are shown in Table V.
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Figure 21. Relation of impact force to height of drop
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TABLE V Theoretical terminal velocities computed with
the results from samples of 50 frults.

Fruit Weight Ratio of Weight Terminal
to Projected Velocity
1b. Area*2
1b./in. ft./min.
APPLE
McIntosh 0.432 0.0662 8180
APRICOT
Montgamet 0.084 0.0432 6610
PEACH
Red Haven 0.350 0.0624 7940
PLUM
Stanley Prune 0.092 0.0411 6520

#Values obtained from Figures 1, 2, 7, and 10.

Air conditions of 70 degrees Fahrenheit at one atmosphere

(5 = 0.075 pounds per cubic foot) were used 1in computing the

terminal velocities 1in Table V.

Table VI has been prepared to concentrate the informa-

tion provided by the graphs of Figures 21 through 24a. Only

five foot drops have been considered since these represent

the extreme case for this investigation.

The equivalent drop values in Table VI are the distances

which fruit must be dropped in still air to produce an impact

force equivalent to that obtained when the same fruit 1s

dropped in air streams of the velocities shown.
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Discussion

Comparisons were made for a portion of the values given
in Table VI. The results of these comparisons are presented
in Table VII.

The values presented in Table VII are valid for all fruit
of the same species having similar weight and diameter mea-
surements. The values given in Table VII represent in percent
the amount of reduction in impact forces and heights of drop
from the five foot values when an air stream was used to lower
the fruit. The percentages were obtained by dividing the
differences between values (Table VI) for zero and the various
air velocities by the zero air velocity values. Percent reduc-
tion of impact forces and heights of fall increase for lighter
weight fruit and decrease for heavier frult experiencing a
five foot drop. It is apparent, however, that the deviation
in percentages from the values given in Table VII will not be
large since the variation in fruit size among a species is
relatively small.

The air velocities of Table VII, corresponding to the
maximum percent reductién values, were compared with the ter-
minal velocities of Table V. The results of this comparison
indicated that 78 to 92 percent reduction of impact forces
occurred for all species at alir veloclties ranging from 750
to 1,580 feet per minute below the theoretical terminal
velocities.

If 78 to 92 percent reduction of impact forces will
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sufficiently reduce bruising that occurs from fruit impact,
then air velocities ranging from 750 to 1,580 feet per minute
below theoretical terminal velocities could be ‘used effectively
in lowering the fruit from the tree. Table VI shows that
equivalent drops in s8till air range from 0.15-to 0.35-feet
corresponding to the 78 to 92 percent range discussed above.
Fruit dropped from these equivalent drop heights would produce
impact forces equivalent to those of fruit dropped in air from
five feet at the velocities given, ‘Gaston and Levin (1951)
indicated that bruising occurred to apples when dropped on
various surfaces from only one inch heights. The effective
drop for McIntosh apples dropped five feet in an air stream
of 6,500 feet per minute was 0.35-feet or 4.2-inches. This
fact makes it evident that a greater air velocity should be
used to effectively handle apples. It 1a evident that air
velocities very nearly equal to terminal velocities will be

required if pneumatic methods are to be effective,

Analysis of error involved

In the procedure, the method of determining impact forces
was discussed. There was definitely instrument error and
human error which is difficult to analyze but a portion of
the experimental error can be accounted for. The portion
referred to here is that occurring from the friction force
encountered by the nylon llne sliding through the hole in
the cantilever beam and the wooden trough beneath the beam

as the fruit descended.
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Calculations, by established equations for free fall motion
of the time required for an object to fall from different
heights, were made. These calculations ylelded values less
than those obtained experimentally for all drops in still air,
thus it was apparent that friction forces were significant.

The following procedure was used to analyze this error
and express 1t in terms of percent error in impact force.

The following equation for velocity of a particle in free

fall i1s given as:

v2=v§+2as | (5)
where:
Vo = initial velocity, feet per second

\'4 velocity of particle at distances S from
initial point, feet per second
S 5 distance of fall, feet
a ? acceleration of particle, feet per second per
second (a = g = 32.2 feet per second per second
for free fall)
Since Vo = 0 in this experiment,
V= VZ2as (6)
If 1t is assumed that (a) does not equal (g) for free fall,
then the veiocity of the particle at any time (t) must be
computed independent of the acceleration. Thils is accomplished

by solving the equation
- 2
S-Vot+%gt (7
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for (g) and substituting into the equation

V=V, +gt (8)
to obtain
V=238 (9)
K

where: t = time for fall, seconds

Equation (9) was used to compute, from the experimental
data, the velocities of fruit in free fall using the time
recorded from the oscillograph tape.

After obtaining the instantaneous velocity, graphs were
made of velocity versus time. From these graphs the accelera-
tion was computed by determining the slope of the straight
linea obtained. The results are given in Table VIII,

TABLE VIII Acceleration of fruit in free fall
with line attached

Species and Variety Acceleration ft./sec.?
Plum, Stanley Prune 22.2
Peach, Red Haven 26.6
Apple, McIntosh 26.4
Apricot, Montgamet 21.3

The present error in velocity can be computed by equa-
tion (6) in the following manner.

il
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where:
Vl = velocity for free fall, feet per second
Vo = velocity with string attached, feet per second

Substituting for V, and V, gives

$error = VZES - VZals

VA
= Vg - Va (10)
V &

The results from equation (10) are presented in Table
Ix.
TABLE IX Percent of error in velocity
Species and Variety Percent krror
Plum, Stanley Prune 17.1
Peach, Red Haven 9.2
Apple, McIntosh 9.5

Apricot, Montgamet 18.8

If the impulse and momentum prinéiple is considered, the
impact force can be introduced and related to velocity. Writ-
ing an equation for momentum of a fruit in free fall and solv-
ing for impact force gives

F=mV
El

where:

F = impact force, poundq
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m = mass of fruit
V1= velocity of fruit, feet per second
t1= impact time, seconds
Since t; 1s not affected appreciably by friction to the
nylon line, the error in impact force (F) is caused by the

error in velocity. These errors were presented in Table IX.

Comgressibilitx considerations

Since air is a compressible gas, it was necessary to
determine whether compressibility would cause any appreciable
error if not considered.

Ower (1927) gives an analysis for compressible gasses.

He has shown that a gas velocity may be as high as 200 feet
per second before the effect of compressibility 1s significant.

This investigation involved air velocities of 6,500 feet
per minute or 108‘feet per second. Since these velocities

were below the value of 200 feet per second, compressibility

was not considered.



Fields Tests

Using the information obtained from the prdiiminary
studies and the laboratory teats, a field machine was con-
structed and tested. Only a portion of a complete machine

was constructed since the principle involved was the same.

Design of the machine
Plans for a field machine were initiated and apples

choasen as the test fruit. The laboratory tests indicated that
for apples an air velocity of 6,500 feet per minute or more
would be desirable if bruising was to be minimized. The neces-
sary information was supplied to a local fan company and
arrangements made to obtain fans from them. The fan company
was unable to provide fans which would meet all the necessary
requirenents since air velocities in this range are uncosmon
in commerical work. As a substitute, two 36-inch propeller
fans were obtained. The fan company rated each of these fans
capable of moving air through the fan ring area at a rate of
5,000 feet per minute at 2,200 revolutions per minute.

The air velocity obtainable was lower than that deter-
mined necessary, but it was felt that valuable information _
could be obtained from a field machine employing these fans.

The fans were mounted on a five inch channel iron frame
with adjustable legs constructed of three and one-half inch
Pipe inside four inch pipe. At the bottom of each leg, a ten
inch face plate was welded to prevent the legs from sinking

into the ground. The fans were mounted in a horizontal position
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with their drive shafts extending downward.

The manufacturer indicated that 20 horsepower per fan
was required when operating at 2,200 revolutions per minute.
Thus, the power train design was based on 20 horsepower at
2,200 revolutions per minute since this was the fan speed
neceasary for air movement at 5,000 feet per minute.

Two designs for driving these fans were considered, (1)
by V-belts and (2) by roller chain. Design calculations indi-
cated that eight V-belts would be required using a C-section
belt and 17 V-belts if a B-sectlion was used. Design calcula-
tions with roller chain indicated that it was possible to use
No. 50 double strand roller chain. This design was chosen as
the most practical and was selected for the drive. To com;
plete the power train on the machine, a 90-ﬁegree one to one
batio gear box was used. It was mounted on the side of the
channel iron frame with one shaft extending downward and
aligned with the fan shafts.

Two double strand roller chain sprockets (30 teeth each)
were secured to the lower gear box shaft to drive the fans.
A1l.2 step;up ratio was desired from the gear box to the fans
to provide proper fan speed and maintain maximum output from
the power source. To provide the atep;up ratio, each fan was
equipped with a 25-tooth double strand sprocket. Connection
of the fans to the gear box was accomplished by placing double
strand roller chain from the sprocket on one fan to the top

sprocket at the gear box and the chain from the sprocket on
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the other fan to the lower sprocket at the gear box. The
power train was completed by connecting a Continental, Red
Seal six cylinder engine to the other shaft of the gear box.
'The connection was accomplished with a six foot drive shaft
equipped with universal joints at each end.

A continuous rubber coated steel mesh fruit grading belt
with one and one-half inch mesh (nine feet long and three
feet wide) was placed over the fans., Figure 25 shows this
belt and the fans beneath it. The function of this belt was
to remove the fruit to a catching box and allow the air to
move upward from the fans to the tree. The belt was driven
on two, six inch steel pipe rollers., One roller ran idle
while the other served as the driver. The driver was powered
by a Farmall "340" tractor power;takeQOfr. A seven foot
drive shaft with universal joints on each end was used to
connect the tractor to the drive roller.

As a safety precaution, a skirt ten inches wide of boiler
plate metal was placed around the channel frame assembly to
provide operator protection from the fans. Shields were pro;
vided over all drive shafts and drive chains.

A plywood container wall to confine the air stream was
constructed, eight feet upward from the channel frame assembly.
Three sides were enclosed leaving one side open to facilitate
Placement of a tree limb inside. A plastic window was placed
in one wall for viewing purposes. This arrangement can be
seen in Figure 26 which shows a side view of the machine with
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Figure 26. Pneumatic fruit harvester
with a 1imb inside the con-

fining walls,

Figure 27. Over-all view of the pneumatic
fruit harvesting machine with
the author viewing a limb inside.
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a 1imb inside the confining wall. Canvas, cut to fit around
the 1imb, was used as a wall on the open side. This completely
enclosed the area above the fans and confined the alr to move
upward through the limb and out the top. Figure 27 presents

a more complete view of the confininé wall., It also shows an
over;all view of the entire machine with the power sources
connected.

Transportation of the machine was accomplished by a fork;
1ift mounted on the rear of a Massey-Ferguson "35" tractor,
Figure 28 shows a view of this operation. Two channel mem-
bers were welded across the bottom of the machine with the
channel legs pointing downward. These provided a track into
which the forks of the fork-1ift were inserted by backing the

tractor into the machine.

Air velocity measurements

To determine the air velocity from the fans, a pitot
tube was used in connection with a "U" tube manometer. Holes
at one foot 1ntervals~beginn1ng seven inches from each end
were placed in opposite sides of the confining wall at a dis-
tance of aix feet from the fan blade surface. The pitot tube
was inserted through these holes and readings taken at posi-
tions of five and 14 1/2-inches from the wall. Figure 29
shows this operation being conducted for the area at one
location. A traverse was made from each side in two direc-
tions for one-half of the confined area since the pitot tube
would not reach across the total width. A total of 28
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Figure 28. Method of transporting the
harvesting machine.

Figure 29. Measurement of ailr veloclty inside
the walls with a pitot tube.
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measurements were obtained. From these an average air veloc-
1ty was computed. The results of this traverse indicated an
air velocity of 2,610 feet per minute at a fan speed of 2,200
revolutions per minute. This value was considered tooc low to
be effective; therefore, alterations were made to improve the
air velocity. The alterations consisted of raising the entire
machine three inches to provide greater intake area for the
fans and decreasing the area within the confining walls. The
initial area consisted of a rectangular enclosure of 20.7
squ#re feet. This was altered by moving the wall, with the
plastic window, inward eight inches and placing corner parti-
tions in each corner. Figure 25 shows a view of these parti-
tions. The alterations decreased the duct (confining wall)
area by 3.8 square feet. The effective duct area was then
16.9 square feet as compared to the fan ring area of 14.12
square feet. The necessary air velocity, through the duct
area, to give 5,000 feet per minute through the fan ring area
would be 4,150 feet per minute.

The pitot tube holes in the duct walls were relocated to
give points of measurements at the center of equal areas and
another velocity traverse made. The results indicated an
averag§ velocity of 3,020 feet per minute at a fan speed of
2,200 revolutions per minute. This velocity was 27.2 percent
less than the velocity of 4,150 feet per minute needed to
give rated velocity of 5,000 feet per minute at this speed.

A traverse of the enclosed area was conducted with the
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mesh conveyor belt removed to determine its effect on the air
velocity. The results indicated an average air velocity of
3,650 feet per minute at a fan speed of 2,200 revolutions per
minute. This was an increase 15.2 percent leaving 12 percent
to be accounted for by turbulence and other losses. It 1is
apparent that a fan system employing a mesh conveyor belt of
the type used on this machine would be required to provide
15.2 percent greater air veloclty to account for losses due

to resistance of the belt.

Test Procedure

Information obtained from the laboratory tests indicated
that this machine, providing an air velocity of 3,020 feet
per minute, would not effectively reduce impact forces of fall-
ing fruit. Tests were continued, however, to establish basic
information of this harvest method.

A Jonathan apple tree was selected for test work. The
machine was placed under a tree limb with the limb inside the
enclosed area as shown in Figure 30. A canvas wall was attached
and cut to rfit around the limb support. Figure 31 shows a
view of the machine with the canvas wall attached and the
limb completely enclosed.

Once in place, the power sources were connected and the
machine put into operation. Hand-shaking of the limb was
employed to loosen the apples from the tree and allow them to

fall in the air stream to the mesh conveyor where they were
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Figure 30. Placement of a 1imb inside
the confining walls.

Figure 31. Limb completely enclosed by
use of a canvas flap over
the openingz.
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carried out the end as shown in Figure 32. They were dropped
from the conveyor onto a plywood incline covered with expanded
polyethylene. The plywood incline was draped with a lightweight
canvas to slow the apples down before they reached the box
SO as tb prevent bruising. The be was lined with expanded
polyethylene also to prevent damage from the sides of the box.
Figure 33 shows the results from the harvested limb. The
seven apples at the far right in the picutre contained spurs
left on when they were shaken loose from the tree. The remain-
ing 73 apples contain numerous bruises which cannot be detected
from the picture.

Evaluation of the machine

The apples shown in Figure 33 were inspected for bruises
after one week of storage and each bruise given a numerical
evaluation.

The bruise evaluation was based on a system of evalua-
ting bruises by Schomer (1957). He used a numerical system
based on bruise size, whereby the numerical values assigned
the different bruises were roughly proportional to their areas.
The numerical system used is outlined in Table X.

In addition to those values given in Table X, the fol-

lowing classification was also used:

Descriptive Numerical
Term Evaluation
No bruise o)

Skin break cull



Figure 32. Apples being delivered to a bor from the
conveyor belt.

Figure 33. Apples that were harvested with the
pneumatic fruit hirvester.
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TABLE X Classification of apple bruises®
Descriptive Size of Bruise Numerical
Term (dia.) inches Evaluation

Very small Less than 1/2 1
Small 1/2 to 3/4 2
Medium 3/4 to 1 4
Large l1toll/4 6

Very large Greater than 1 1/4 12

#Table reproduced from "Bruising of Apples: Where does
1t occur and how can it be minimized"? (Schomer, 1957)

The results from the bruise evaluation are presented by
the histogram in Figure 34. More than one-half (59.5 per-
cent) were classified in the category of "cull" and "12.,"
This indicated thit severe bruising was present. Only two
apples from the entire lot did not show visible bruises.
These were two of the smallest fruit weighing 0.167 and 0.152
pound. If Figure 8 in Appendix I is extrapolated, the ratios
of weight to projected area are found to be 0.0480 and 0.0469
rbspectively. The corresponding terminal velocities computed
from equation (4) page 33 are 6,960 and 6,890 feet per minute
respectively. Since these two apples were harvested in an air
velocity of 3,020 feet per minute, which 1s less than half the
velocities of 6,960 and 6,890 feet per minute necessary for
flotation, it is evident that the air had little effect in
preventing bruising. It is highly probable that these two
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apples were not bruised because they fell only a short dis-
tance to the mesh conveyor belt.

Figure 35 shows that a majority of the frult harvested
received one and two bruises. This fact could be accounted
for in many ways and the author feels that more data is
necessary before a definite cause can be established.

As an ald to further evaluate the field machine, drop-
tests were conducted with Jonathan and Northern Spy apples
on the machine. The drop-tests were conducted with samples
of 50 apples from each variety. An adjustable platform was
constructed above the nesh conveyor belt from which the apples
were rolled off and allowed to fall to the conveyor below.
Neither the conveyor nor the fans were operating during these
tests. Ten apples, one at a time, were rolled from the plat-
form at one-half, one, two, three, and four foot positions.
This procedure was applied to both species.

The results of these tests are presented in Appendix
I1I, however, only the Jonathan varlety was used for evalua-
tion purposes.

The data for both the harvested fruit (F:gure 34) and
the drop-test fruit were arranged to indicate percentage
of total fruit occurring in each bruise category. These
results are shown in Figures 36 and 37. Figure 36 gives the
results of the harvested fruit and Figure 37 gives the results
of the drop-test fruit.

Comparison of the two figures indicates that when no air
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was present, 21.5 percent more fruit were contained in the
"cull" category. The drop-test fruit (Figure 37) shows an
1ncr§asing percentage of fruit occurring in bruise evaluations
of 12 down to 2 while for the harvested fruit (Figure 36) the
opposite was true.

This fact indicates that many of the apples harvested
with the machine received an impact force of sufficient magni-
tude to only bruise the apples and not break the skin. The
drop-test fruit received the entire impact force and as a
result caused more skin breaks.

This comparison indicates that the air from the machine
was capable of reducing the number of "cull" fruit, however,
the remaining fruit contained considerable bruising and was
not acceptable.

Comparison of the results given in Figures 36 and 37 is
not completely Justified since both samples of fruit were not
harvested on the same date. The machine harveated fruit were
harvested October 14 and the drop-test fruit were harvested
October 19. Because of these different harvest dates, the
drop-teast fruit were more mature and softer, thus making them
more susceptible to bruising. The percentages given in Figure
37, for fruit in each brulse category should be decreased to
Justify a comparison between Figures 36 and 37. The changes
would probably be small and not affect the original compari-
son apprﬁciably; therefore, this comparison is representative
of the capabilities of this machine.



COST ANALYSIS

The economics of a pneumatic type fruit harvester were
analyzed by a procedure given by Bainer, Kepner and Barger
(1955) and are presented in this section. They stated that
the total cost of performing a field operation includes charges
for the machine, for the power utilized, and for labor. These
costs are grouped under the headings of overhead costs and
operating costs. Overhead costs include depreciation, inter-
est on investment, faxea, insurance, and shelter. Operating
costs include repairs, maintenance, lubrication, fuel and
0il, and labor. Numerous assumptions were necessary for this
analysis. They were based upon material given by Bainer,
Kepner and Barger and material pertaining to semi-dwarf apples.
The assumptions made are as follows:

(1) A pneumatic fruit harvester would have a service

1ife of five years.

(2) There would be no salvage value,

(3) An acre contains 86 trees (semi-dwarf type).

(4) Each tree would require three minutes to harvest.

(5) The harvest season would be of 35 days duration.

(6) The harvester would operate ten hours per day.

(7) Puel comsumption would be 8.5 horsepower-hour per

gallon.

(8) The horsepower requirement would be 1,000 and would



be utilized one-half of the total time.

(9) Field efficiency would be 60 percent.

(10) The initial cost of a machine would be $15,000.

(11) Interest on investment would amount to six percent.

(12) Puel would cost $0.20 per gallon.

(13) Repairs, maintenance and lubrication would amount
to 3.4 percent of the initial cost. |

(14) Taxes insurance and shelter would amount to 1.5 per-
cent of the initial cost.

(15) The cost of 01l would be three precent of the fuel
cost.

(16) Labor would cost $2.00 per hour and three men would
be employed.

(17) Hand harvest would cost 14.2 cents per 40 pounds of
apples.

(18)/A/acre of semi-dwarf apple trees would yield 1,000
bushels of apples.

(19) A bushel of apples weigh 50 pounds.

(20) The price received per bushel of apples would be
$1.50.

The following values were computed with data from the

assumptions:

Yield per tree = 11.6 bushels

Field capacity = 0.140 acres per hour

Annual use = 350 hours

Total acreage per year = 49
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The annual overhead charges are:

Depreciation (15,000 - 0) =  $3,000.00

Interest 0.06 (15,000+0) = 450.00
Taxes, insurance, and
shelter 0.015 (15,000) - 225.00
Total annual overhead $3,675.00
charge
The costs per acre are:
Overhead 3,6;3.00 =$ 75.00
Repairs, maintenance and
lubrication 0.0345121000[ = 10.04
Fuel, 8.5 hp-hr/gal. = 84.00
Labor, 3 men @ $2.00/hour = 42.80
011 cost (0.03) (84.00) = 2.52
$214.36

Total cost per acre
Thus the mechanical harvesting costs are given by this

analysis as $214.36 per acre.
The annual cost for hand harvesting would be equal to

%o.1h2 0 1b. 86 trees _ 11.6 bu.
. X 5. X — acre X ~ tree
= $177.00 per acre
The value received by the grower for his apple crop

would be equal to

86 trees _ 11.6 bu. 1.50
acre X “tree * bu.

= $1,500.00 per acre
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The harvest costs expressed as a percent of the total value
received per acre are given as follows:
(1) Mechanical harvesting:
% = 21#.86 (100) = 14.3 when three men are utilized.
»

(2) Hand harvesting:

% = 1;[0( (100) = 11.8

Comparison of harveating costs for the conditions assumed
indicate that harvesting apples with a pneumatic harvester
would cost 2.5 percent more than hand harvesting. Even though
the results of this analysis do not favor pneumatic fruit har-
vesting, the cost analysis has disclosed that a pneumatic fruit
harvester may be economically feasible. With a few improve-
ments, mainly in overhead and fuel consumptlion, mechanical
harvesting costs could possibly be reduced below hand har-

vesting costs to make pneumatic fruit harvesting practical

for commercial use.



CONCLUSIONS

The conclusions derived from this study may be stated

as follows:
(1) An air column moving at a velocity very nearly equal

(2)

tb the terminal velocity of the fruit is necessary
for pneumatic harvesting to be effective. It was
found that an air velocity of 6,500 feet per minute
reduced the impact force received from a drop of
five feet to a value equivalent to that obtained
from a drop in still air of 4.2-inches for an
apple, and three inches for a peach.

An air velocity of 5,500 feet per minute gave
an impact force for a drop of five feet equivalent
to a drop of 1.8-inches in still air for an apricot.

An air velocity of 5,000 feet per minute gave
an impact force for a drop of five feet equivalent
to a drop of 2.04Q1nchea in still air for a plum.

These velocities ranged from 750 to 1,580 feet
per minute below the theoretical terminal velocities
of these fruits.

A greater air velocity is needed to float heavier
fruit than 1s needed to float lighter fruit of the
same species because the ratio (W/A) increases for

heavier fruit (Equation 4).
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(3) Fans capable of supplying air at a velocity greater

(%)

(5)

than the velocity needed to effectively lower the
fruit are necessary to overcome head losses., A
survey of fan companies indicated that fans of

this size are not readily available and would prob-
ably require special design.
Horsepower requirements for fans capable of provid-

ing the terminal velocities discussed in the manu-

script were found to be large. This means that the

initial cost of a machine of this type, covering
the complete tree, would be large; therefore, high
efficiency would be a necessary requirement.

A theoretical cost analysis indicated that a
pneumatic fruit harvester for apples has possibil-
ities of being economically Jjustified on a cost per

acre basis.



RECOMMENDATIONS FOR FUTURE STUDY

Further study would be advisable to determine if fans
other than propeller fans could be used for harvesting
fruit with air.

An investigation, made with the Magness-Taylor pressure
tester to determine what value it may have toward han-
dling techniques used in harvesting fruit, 1is suggeated.
It 1s suggested that a study be conducted to determine
fruit velocities when falling 1h an alr stream and relate
these by an equation to impact forces. With this infor-
mation, an exact air velocity could be computed which
would lower various species and varieties of fruit
effectively.

The conclusions from this study indicated that it would
be desirable to decrease the alr velocities needed to
float various species of fruit. Based on this fact, the
recommendation is made that the possibility of coating
the fruit with a lightweight material should be investi-
gated. Since terminal velocity is dependent upon the
square root of the ratio of fruit weight to projected
area (Equation 4), it is evident that if this ratio can
be decreased the terminal velocity will decrease. The
material should have a low density and add considerable
bulk to the fruit to provide a large projected area. It
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should be non-toxic, easy to apply and remove and possess
enough rigidity to withstand the required air velocity.

A material of this nature would also greatly reduce chances
of damage occurring to fruit from impact forces while fall-
ing. A foam material, produced by Dow Chemical Company,

used to spray on plants for frost protection was investi-

gated by the author for use on fruit. A letter from Dow

Chemical indicated that this material was undesirable.
The letter also stated that most of their products meet-
ing these specifications would be toxic to the fruit and,
therefore, could not offer a product of this nature.
Another recommendation involves a method of harvesting
fruit with flexible fingers. This method would employ a

multiplicity of slender rods mounted very closely together

on a single frame. The rods would be of sufficient length

to protrude into the branch area to the center of the tree.
With the fruit positioned among the rods, the tree would
be shaken to loosen the fruit and allow it to fall to the
rods to be caught from only a two or three inch fall. A
s8light tilt to the rods and possibly some vibration would
cause the fruit to slide toward the rod mountings where

they could be deposited in a storage container.



SUMMARY

Samples of 50 fruits each were obtained for various
species and varieties of tree fruits. Basic data for dila-
meters, weights, firmness and forces to remove the fruit from
the tree were recorded.

An air duct was constructed and used in the laboratory
to determine the effect of a high velocity air stream in
reducing impact forces received to fruit from a fall.

A theoretical analysis was made for a particle in an air
stream. 'Thc analysis provided information regarding the ter-
minal velocities of the fruit and horsepower requirements for
the required volume flow rate of air.

Using the information obtained from the laboratory tests
and theoretical analysis, a field machine was constructed and
teated on a Jonathan apple tree.

A correlation and regression analysis of data obtained
from the various species and varieties of fruit indicated a
high degree of association between fruit weight and the ratio
of fruit weight to projected area. A correlation analysis,
conducted for Red Haven peaches and McIntosh apples, for the
frult weight and force required to remove the fruit from the
tree indicated a definite association did not exist between
these variables. Also, graphs of fruit weight versus force

to remove the fruit from the tree for each species gave very
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little indication of any relationship existing. It was con-
cluded from the scatter of points on the graphs that other
factors were present and probably the most predominant one
was maturity of the fruit.

The theoretical analysis indicated that horsepower require-
ments to move air at a velocity of 7,000 feet per minute through
a 15-foot diameter duct would be 992 if the efficiency of the
fan was 60 percent. Additional horsepower would be required
to overcome head loss from the duct system and turbulence.

The reduction in velocity due to turbulence and harvester
design for the field machine constructed in this study was
2T.2 percent.

The laboratory tests with various species of fruit indi-
cated that air velocitiea very nearly equal to the terminal
velocities of fruit are necessary to appreciably reduce impact
forces occurring to falling fruit. Terminal velocities for
large fruit such as apples and peaches were calculated to be
in the range of 7,000 to 8,000 feet per minute while for
smaller fruit the range was from 3,400 to 7,000 feet per
minute. These velocities are theoretical and were based on
assumptions.

Tests conducted with the field machine indicated that
an air velocity of 3,020 feet per minute was not effective for
Jonathan apples. The number of apples with skin breaks was
reduced considerably as compared with still air conditions on
the machine, however, a majority of the apples received large

bruises that were undesirable.
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APPENDICES



APPENDIX I

Figures 3 through 10 are presented in this section. The
reader 1is cautioned that the regression lines presented on the
following graphs have not been computed by established methods,
but have been estimated. |
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APPENDIX II

The regression and correlation analyses for Figures 1
and 2 are presented as follows:
Let: y = ratio of weight per projected area
X = weight of the fruit.
The regression analysis using the symbols above con-
sists of finding the regression of "y on x." The following

equations are solved simultaneously to obtain the regression

line.
Sy =Na+b Zx (11)
Sxy =a>x+b Zx2 (12)
where:
a = the intercept on y-axis
b = slope of the regression line
N = number inh sample
The correlation coefficient is given by the formula
r = o“;?‘c'r}' i< r < (13)
where:
T 5 6
Ox = 2= /3x\2 Standard deviation in
1»/@%?. ('N_ x-direction
EAETE ammgeee

The following information was computed from the original

data which is on file with Dr. B. A, Stout.
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For plums (Figure 1):

Zx = 1761.59

Zy =1.9602

2xy = 69.5217

Sx2 = 63,574.08

Sy2 = 0.07TO44
N =50

For peaches (Figure 2):

>x = 19.928

>y = 3.2568

Zxy = 1.3263

>x2 = 8.4721

S y2 = 0.213647
N =50

The computations for plums (Figure 1) are:

e
P;gﬁz;m g () o)

Substituting values into equations (11) and (12) gives
1.9602 = 50 a + 1761.59 b (14)
69.5217 = 1761.59 a + 63,574.08 b (15)
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Multiplying equation (14) by 1,761.59 and equation (15)
by minus 50, then adding these equations algebraically gives
-23.00 = -75,505.67 b

b = 23.00 = 0.000304
7;,-235.-57

Substituting the value of (b) into equation (14) gives

1.9602 = 50 a + 1761.59 (0.000304) -
50 a = 1.9602 - 0.5355 -

r;’

a = 1.4247 !,

:

= 0.0285

The equation of the regression line for Figure 1 1s
y = 0.0285 + 0.000304 (x)
To establish the limits of this equation, the standard

error of estimate (S,) was calculated as follows:

Se = WV/SFQO 5?§7V- b=xy

Substituting valuea into this equation gives

se = . - 0. - 0. . )

= 0.000954

The final equation of the regression line is given as

follows:

% = 0.0285 + 0.000304 (x) == 0.000954 (16)

where:
A

y = an estimate of vy
The computations for peaches (Figure 2) are:

N \'N

= 0.1029
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TR GO E) R ()
= 0.000566

r=_P = 0. 000566 = 0.995%*
0x Oy (UTIU§§7rg§6655§T

Subastituting values into equations 11 and 12 gives
3.2568 = 50 a + 19.928 v (17)
1.3263 = 19.928 a + 8.4721 b - (18)
Multiplying equation (17) by 19.928 and equation (18)
by minus 50, then adding these equations algebraically gives
- 1.4135 = - 26.4798 b

b = 1.4133 = 0.0534

Substituting the value of (b) into equation (17) gives

3.2568 = 50 a + 19.928 (0.0534)
50 a = 3.2568 - 1.0638
a = 2.1930
a - 0.0438

The equation of the regression line for Figure 2 is

y = 0.0438+ 0.0534 (x)
To establish the 1imits of this equation, the standard

error of estimate (S,) was calculated as follows:

Se = '\//!izﬁ- ai{x - b xy

Substituting values into this equation gives
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0.00205

The final equation of the regression line is given as

follows:
¥ = 0.0438 + 0.0534 (x) + 0.00205 (19)
where: {“}

A .

Yy = an estimate of y ;

JrE—n W wama v E



APPENDIX III

Figures 11 and 12 and a correlation analyses for these
data are presented in this section.
The regression of "force to remove fruit from the tree on

weight of fruit" was investigated by letting

y = force to remove the fruit from the tree

and x = weight of the fruit

The following values were obtained from the data collected
on these samples.

For McIntosh apples (Figure 11)

Zx = 18.539
2y = 224.0
2 xy = 81.169
Zx2 = 7.1121
>y2 = 1,118.50
For Red Haven peaches (Figure 12)
2x = 19.928
2y = 301.50
2xy = 119.554
Sx2 = 8.4721

2y2 = 2,000.25
For Figure 11:
The standard deviation in the x-direction is

0.069
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TO REMOVE, POUNDS

FORCE
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Figure 12. Relation between the weight and the force

to remove Red Haven peaches from the tree.
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The standard deviation in the y-direction 1s

TVEE CVERE

= 1.516
P R () (G uge (Bp0(R))
= - 0.037T144
The correlation coefficient 1s
r= P = -0.037 = - 0.3605
0% 03 .

For Figure 12:
The standard deviation in the x-direction 1s

= 0.1029
The standard deviation in the y-direction is

7 W%ff FVERE T
g - () () - g ()

- 0.0122358

The correlation coefficient is

r = P = -0.0122 = - 0.0623
O_x O_y . o




APPENDIX IV

Drop-test data for Jonathan and Northern Spy apple
varieties are presented in Tables XI and XII below.

TABLE XI Number of Jonathan apples contained in each
bruise category for various drops

Bruise 6 - Inch 1 - Foot 2 - Foot 3 - Foot 4 - Foot
Evaluation Drop Drop Drop ~ Drop Drop
o
1 5
2 6 1
4 2
6 1 2
12 1
cull 4 5 8 12

e ]
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TABLE XII Number of Northern Spy apples contained in each
bruise category for various drops

Bruise 6 -Inch 1 -PFoot 2 - Foot 3 - Foot 4 - Foot
Evaluation Drop Drop Drop Drop Drop

o

1

2 1

4 5 1

6 y 4

12 2 1

cull 3 5 8
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