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ABSTRACT

VARIABLE SPEED HYDRAULIC DRIVES FOR POTATO
DAMAGE REDUCTION ON POTATO HARVESTERS
by

Kumbhashi Shrinivasa Upadhyaya

Research in the past few decades has revealed that po-
tato damage during mechanical harvesting of potatoes is the
main cause of econbmic loss to potato growers. This finan-
cial loss has been estimated to be of the order of millions
of dollars every year in the United States and Canada. Stud-
ies conducted by Washington State University have shown that
considerable reduction in damage to potatoes during harvest
can be obtained by adjusting the conveyor speeds in.relation
to the forward speed and the yield. The concept of speed
adjustment of the conveyors to forward speed of the harvester
and yield conditions was incorporated into the design of
variable speed hydraulic drives for the rear cross conveyor
and the side elevator and the boom elevator on a Lockwood
Mark 76 potato harvester.

A low pressure variable speed hydraulic drive system
was designed for the Lockwood Mark 76 potato harvester, which
was made available for this study by A.A. Kroeker and Sons
Ltd., Winkler. The machine was field tested in the fall of -
1975 and was used for approximately 400 hours. On 1975 09 04
a field day was held in co-operation with the Manitoba Depart-

ment of Agriculture, the Manitoba Potato Growers' Association
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and A.A. Kroeker and Sons Ltd., Winkler, at Winkler. The
performance of the machine was observed by growers. The
opinion was expressed that the hydraulic drive units should
be designed for the Lockwood Mark VI which is more popular
than the newer Mark 76.

Field tests were conducted to determine if there was
any significant difference in the amount of damage inflicted
on potatoes at slow conveyor speeds properly correlated to
yield ahd forward speed compared to fast conveyor speeds.
Tests were conducted on five fields and in each field eight
sanples were taken for the adjusted conveyor speeds and eight
samples also were taken for fast conveyor speeds.

On the average total damage to potatoes wés reduced
to 12.5 percent when the conveyors ran slow and full compar-
ed to 18.1 percent when the conveyors ran fast, The slightly
damaged potatoes were reduced from 41.9 to 36.7 percent when
the conveyor speed was reduced. The average mass of the un-
damaged tuber was significantly higher when the conveyors
ran slower comparéd to when the conveyors ran faster.

The measurement of the required operating torque for
the side elevator and the rear cross conveyor gave a maximum
torque of 134 N.m. Torque measurements on the boom elevator
gave a maximum torque of 109 N.m when the outer boom was in-
clined.

An economic analysis showed that the project was econ-
onically feasible and could result in considerable savings to

growers. Therefore, it was concluded that variable speed
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hydraulic drives for potato harvester conveyors were economi~
cally desirable and mechanically successful. These systems

could be made available in kits for interested potato grow-

ers.,




TABLE OF CONTENTS

Page

AC@OWLEDGEMENTS © © 6 0 0 0 0 9P C S SO S S QEE T U S QS Q O QP QOO NS QLGN i

.ABSTRACT ..‘-!...‘.I.‘.QQ.....'..Q!..AQ.I‘Q‘I'.Q.QQQ‘.lQ. ii

TABLE OF CONTENTS «eccceaceacscasaosnassaanssassssnansacs v

LIST OF TABLES «ccencecncscscasaiscasasnstssasssanssasssascasns Ix

LIST OF FIGURES ccceasaasasaescsscssssscssnscassscncasnannsas X
Chapter

I. INTRODUCTION .........................;.........

1.1 Scope Of StUudY «ececensaaneccascncsaccccnns

1.1.1 Extent of potato damage .(..ceevecenn

Effect of potato damage «.icceceenans

Economic loss due to damage «eceeeae
Chain speed and damage ..ceesessecees

gy
MNKHH R

1.
.1.
.l.

FNEREN

1.2 The OBJeCtiIVES ccctesenccassncassanssansnna
1.3 General Approach .(.icceceasanscccccnseancses
IT. REVIEW OF LITERATURE «ccecaccancccassssnsssneasna
2.1 Importance éf the POtAtO veveeeneaceencanns

2.1.1 Nutritional wvalue of the potato ....
2.1.2 Medical value of the potato «.sceavs

2.2 Potato ProdUCtiIOn «eeeeecesasosacanoesssssnen

<) W » ) W 1 B0 B S N S N

2.2.1 Potato production in Canada «ececes-
2.2 Potato production in the

United States ..iciceccneccnsnaesnns
2.3 Potato production in Manitoba «.....
2.4 Potato varietIeS (.ccecccencrasacsaan
2.5 Market for Manitoba potatoes .......

00 0 Oy O

(o]

2.3 Potato Cultiyation in Manitoba ..ececcececa

2.3.1 S0il and climate cecesceccccnnsaanss
2.3.2 Cultural practiCeS ..eeeeceaasacsans
2.3.2.1 Tillage practiCesS «ecceeese
2.3.2,2 Crop rotation .c.ceecncecca

O YW



Chapter

III.

vi

Page
2.3.2.3 Planting and Fertiliz-
ation ® & 6§ ¢ 4 & Q@ a9 % 0 ¢ ¢ G QS g O Qg s aq 10
2.3.2.4 Intercultivation ..cececees 10
2.3.2.5 Irrigation practices ...... 10
2.3.2.6 HarvesSting .ueeeeeceascecos 10
2.3.2.7 Handling and storage ...... 11
2-4 PotatoDmage 4 & & © & 8 &4 § ° Q¢ O Q QO QO 9 T QT O G e QG e Qe P9 ll
2.4.1 Shatter damage ® & & 8 4 ¢ 9 & g ¢ 8 ¢ Qg O QO Q¢ O G QN ll
2‘4.2 Mechanical daInage 9 9 & & ¢ ® & & g & ¢ ¢ QT s e a9 11
2.4.3 Internal BlacksSpot ..cceicvcocecceans 12
2.5 Damage DeteCtiON .ceeecescaccsccccacseasanas 12
2.6 Damage Evaluation ........................; 13
2.7 Dmage Index @ @ % % 2 @ 4 9 8 A S S S QT QS QR TS Qe Qe g A 13
2.8 Functional Elements of Potato Harvesters
and Design Considerations c.ciceceieceacaasas 14
2.8'1 Top killing 4 @ @ ¢ ¢ 4 % @ @ 9 " O 2 % O R @ Qe Q@S g 15
2.8.2 Tuber lifting and cleaning ....ecees 16
2.8.2.1 Tuber digging «.eeececeeasss 16
2.8.2.2 Soill separation .eiceececes 18
2.8.2.3 Removal of vines and weeds. 20
2.8.2.4 Clod and stone separ-
AtION (eveertncactcacnatannn 20
2.9 The Potato Combine and Its PartS «ceeececses 21
2.10 Causes oOf Potato DaAaMage «cecesescccaccscsans 21
2.10.1 Damage before 1lifting ..cceceecscces 21
2.10.2 Losses at soil-machine interface .. 22
2.10.3 After lifting damage ......I.IIQQOI. 22
2.10.3.1 Non-machine factors .... 22
2.10.3.2 Machine factors «ecceces 24
2.11 Development in Potato Harvesting
Machines .‘.Q.‘-II..\‘.Q.Q...II'.....-...I.. 30
DESIGNAND DEVELOPMENT ® @ © 0 § ® § 4 ¢ O @ QA ¢ S QG O g ® Qe O Q9 O OQ 36
3.1 Conveyor SpeedS ..ieeescsccasasattasssansnsas 36
3.2 Mathematical Formulation ....cecececcacesas 36

3.3 Actual Speed and Theoretical Speed of
Chains S & 9 & & % e QA PSS O QG S AR A A S E e S A s Qe 39



Chapter

VI,

vii

Page
3.4 Estimation of Torque Required for Chain
DrivVeS teieeeeeeeansensoscescasassvesassananns 41
3.5 Selection of Hydraulic Components ......c.. 46
3.5.1 Selection Of MOLOYS .uvveveveceoncons 47
3.5.2 Selection of hydraulic PUmMD «.eceo-e 50
3.5.3 Selection of acceSSOrieS ...eeececes 51
v3.6 Design Of PUlP DXiVe «eeeeeesacoonscancanns 53
3.7 Design of Motor and Pump MOUNES «eeeeenoens 55
3.8 Mounting Accessory EQUipment ¢.eececeecaese 58
FIELD TESTING PROCEDURES ctecesncaccaassvaascnasas 59
4.1 Preliminary Field TeStiNg ..eeeeceececesses 59
4.2 Selection of the Test SitesS t.eeeeerenccsan 61
4.3 Experimental Conditions Noted ...ceveeeceaes 61
4.4 Sampling ProcedUre ..cececescavacaessnsasen 61
4.5 Determination of Yield .eueeeveeeeseeeeenes 62
4.6 Determination of Speeds ...................b 62
- 4.7 Damage Testing ........;................... 63
4.8 Torque Determination seeeececesececsacsecsss 64
ECONOMICS OF USE cececvnscacstsnccsastasssscsnnanns 65
5.1 Economic Implications of Variable Speed ,
Hydraulic DYIVEe ceeeececrsscacsccosasacasnsssns 65
5.2 COSt ANnalySiS cuieeesecccccsacnsasacannnsans 65
5.3 Savings due to Damage Reduction to
POtAtOeS (ivteearsesrsecssncncsssocsncacsans 70
RESULTS AND DISCUSSION .ceseccncacacsacsancanssas 72
6.1 Potato Damage ReSULltS c(cceeecrscccncsseccacnns 72
6.2 Variation Among the FieldS ..cceevctacancns 76
6.3 Yield and Speed ..ciescennssanrssacntcscncns 77
6.4 Machine Performance (..cceeeescsscceccooces 78



viii
Chapter / . Page

6.5 Damage and Average Tuber MaSS ..cccccocacns 79

6.6 Economic FeasiBility «.eceeeeecessceccaccssns 79

6.7 Other Economic BenefitsS (icceeeeseccnnenane 82

6.8 DPossible DisadvantageS .cceeeecccssccceanacs 82

6.9 Measurement of Actual Torque Requirements . 82

VII. CONCLUSIONS .ceeceesesosnsassnsrsssoascanscacsnnsnecs 84
VIII. SUGGESTIONS FCR FUTURE STUDY (eceeceaccccosscnnense 86
BIBLIOGRAPHY S R R R R R R 88
APPENDIX A t4veeecascaaasssasasseasasecsscscsassacssansas 92
APPENDIX B toccteesencsnstoarasataacacnssocantanasnnnanns 96
APPENDIX € ccecsscsaccstnsasasasssasnsscesascssetstsasansnsaas 102

APPENDIXD.lI.Q..QQ.'QQ..Q'O‘I..‘CQQQ!‘C..‘CQ.‘C!..‘Q.' 111



LIST OF TABLES

Table

6.3

Potato Production in Canada in 1974 . . . . . . .
White Potato Production in Unitedistatés in 1973 .
Theoretical Harvester Forward and Chain Speed
Rates InmpPh « & ¢« ¢ ¢ ¢ ¢ v 4 4 e v o o o o o o W
Actual and Theoretical Chain Speeds for Lockwood
Mark 76 Potato Harvester . . . ¢ ¢« « ¢ « o« o « « &
First Cost of Components Used . « « v « v « « o «
Cost of Frame and Mounting MaterialsS . . . « . . .
Field ConditiONS « v ¢ « « o« o ¢ o « o o o o o o =
Effects of Variéble Speed Hydraulic Drives

ONn DaMmage « « « o « o s o o« s o ¢ o o o e o 4 o«
Measured Torque Requirements for Potato Harvester
Conveyors (Lockwood Mark 76 Model) « « « « o« « « o
Raw Data for Damage Studies . . ¢ ¢« « « ¢ o « o
Percentage Damage and Average Mass for Field
TeSES ¢ o« o ¢ ¢ ¢ o ¢ ¢ 4 e 4 e e e e e e e e e
Analysis of Variance for Damage . . .« « « « « « .
Analysis of Variance for Average Mass of

Damaged Tubers . . . « ¢ ¢ ¢ v ¢« ¢ ¢ ¢ ¢ ¢ & o o

Page

29

40

68

69

73

74

83

97

106
112

113



LIST OF FIGURES

Figure Page
3.1 Schematic Side View of an Elevating Conveyor . . . . 43
3.2 Schematic View of Initial Circuit Design . . . . . . 48

3.3 View of Mount for Hydraulic Motor to Drive Rear

Cross Conveyor and Side ElevatOr . « « « o « ¢ o o « 49
3.4 View of Mount for Hydraulic Motor to Drive Boom

Elevator .« o v v v ¢ ¢ ¢ ¢« o ¢ e o o « o a4 e 4 e < o 49
3.5 General View of Pump, Pump Drive and Reservoir

ATCA « « « o« o o o & o o o o o o o « . s e 4 e e o . 52
3.6 View of Control Panel Illustrating the Flow

Control Valves and Accessories . . « « « « « « « « . 52
5.1 Schematic View of Hydraulic Circuit (Final). . . . . 66

A.l Schematic of Remote Control Mechanism . . . . « . . 94



CHAPTER I

INTRODUCTION

l.1 Scope of Study

1l.1.1 Extent of potato damage

Potato damage, defined as any injury to potatoes caus~
ed by agents other than disease, insects or physiological
factors, is estimated by various research workers to be about
30 to 33 percent during harvest alone (3, 5). From a study
conducted in Idaho it was found that it is almost impossible
to get ten undamaged potatoes from.a storage bin (16). "In
one field in Alberta 100 percent damage was reported (38).
About 70 percent of the total defects were found to be due
to mechanical injury caused by the potato digger (13). The
harvesting operation is considered to be the greatest source

of injury to potatoes (3).

1.1.2 Effect of potato damage

With the increase in quality consiousness among house-
wives, damaged potatoes are not being accepted and therefore
are contributing to waste (5). Damaged potatoes lose abouf
8.5 percent of their weight compéred to a 5.5 percent loss by
sound tubers. Furthermore, they act as a nucleus for further
damage in storage (10). Skinning increases dry rot in stor-
age. In addition, fresh market preparation needs more labor

for sorting, trimming and quality control. Damage also leads



to loss of raw product due to cutting and trimming (47).

Last but not the least, potato damage leads to the process-
ing of a low quality raw product to a low quality finished
product. All these product losses ultimately contribute to

financial loss.

1l.1.3 Economic loss due to damage

The potato is one of the major horticultural crops
of Canada in terms of quantity produced (3). In 1974, revenue
due to potato crops in Canada was 22.6 million dollars (42).
Farm value of the total potato production in the United States
was 1197 million dollars in 1973 (46). Each year losses due
to potato damage amount to millions of dollars (21).

Potato damage is considered to be the greatest cause
of loss to potato growers (5). Financial losses due to mech-
anical injury are estimated to be 20 percent of gross potato

crop income.

1.1.4 Chain speed and damage

It is reported that nearly 50 percent of the mechanical
damage can be eliminated by proper harvester operation and
soil conditioning (43). Experiments conducted by Smittle et
al. (39) at Washington State University have shown that by
properly co-ordinating chain speeds to forward speed, yield
and soil conditions it is possible to reduce damage consider-
ably. One potato processing company claimed that its growers

enjoyed an average of 40 percent increase in bruise-free po-



tatoes after the growers were educated in the use of the

speed ratios developed by Washington State University (47).

1.2 The Objectives

In research carried on by Smittle et al. (39) sprockets
of various sizes were used to get the desired speeds. This
arrangement provided speed chénges in steps only and required
sprocketAsizes to be changed depending on yield and soil cond-
itions. The low-damage harvester develoéed by the University
of Idaho and Washington State University was powered by hydrau;
lic drive systems for infinitely variable chaih speeds. The
low-damage harvester was tested in the high yield conditions
of Washington and Idaho (43).

Considering the interests of the Manitoba potato grow-
ers, the objectives of this study were:

l. To design, build and test low cost variable speed
hydraulic drives for the rear cross conveyor, the side elevat-
or and the boom elevator on a commercial potato harvester.

2. To determine the effectiveness of the reduction
of chain speeds in reducing damage to potatoes in the low

yield conditions of Manitoba.

It was hoped that the successful demonstration of the
variable speed hydraulic drives would encourage manufacturers
to produce the drive units and also would encourage growers

to adopt the drive units. Perhaps the drive units could be

supplied in kit form for use on older existing harvesters.




1.3 General Approach

A new Lockwood Mark 76 potato harvester was made avail-
able from A.A. Kroeker and Sons Ltd. for this study. A low
pressure hydraulic system was designed and developea to drive
the rear cross conveyor, the side elevator and the boom ele-
vator. As the boom elevator needs to run at a slightly low-
er speed than the side elevator, depending on the amount of
clods and stones in the field, two separate motors were used,
one to drive the boom elevator and the other.to drive the
rear cross conveyor and the side elevator. The existing drive
system also demanded such an arrangement.

The modified machine was taken to the field and put in-
to operation on 1975 08 19. Damage studies were conducted at
high and low chain speeds on five different fields. Eight
samples of approximately 5 kg each were collected at the boom
delivery point for both low and high chain speeds. Samples
were tested for damage using catechol and classified as un-
damaged, slightly damaged, moderately damaged or seriously
damaged. Five yield samples were taken near the test site

in each-field.



CHAPTER II1

REVIEW OF LITERATURE

2.1 Importance of the Potato

2Among the few crops which nature has provided that
are capable of nourishing the great population of the world,
the white potato is the most important (29). Both the nutri-
tional and thebmedical value of the potato}are guite signifi-
cant compared to its cost. Today, potatoes form one of the
main constituents of the food forlmany people of the world.
For some it is the major food while for others it is only
supplementary. Apparent per capita consumptidn of potatoes

in Canada was 73.80 kg/year in 1973 (42).

2.1.1 Nutritional wvalue of the potato

Beneath the skin of the white potato are liberal
stores not only of energy but also of nitrogen and high qual-
ity protein that will support health and growth. Valuable
minerals such as iron and magnesiuﬁ and essential vitamins

such as C and several of the B vitamins are present too (29).

2.1.2 Medical value of the potato

Potato consumption appears to partially prevent tooth
decay. This may be because potatoes are not sticky. There
may also be a cleansing effect of the fiber in the skin (29).

The potato is naturally alkaline and helps maintain the al-



kalinity of the blood. This is claimed to aid in the preven-
tion of such diseases as tuberculosis, heart disease, blood
vessel disease, high blood pressure, gout and kidney disease
(19). It is because of this nutritional and medical value

of potatoes that a well balanced diet should contain some

potatoes.

2.2 Potato Production

Rapid development in potato handling and processing
machinery along with contract production for processing firms
have resulted in an increase in the area planted to potatoes
as well as the establishment of potato production as a spec-
ial enterprise. Potatoes are the most important of the horti-
cultural ciops in terms of quantity produced and area planted

in Manitoba and Canada.

2.2.1 Potato production in Canada

Table 2.1 shows the production of potatoes in Canada

by province. Total production in 1974 was 2 427 440 000 kg.

2.2.2 Potato production in the United States

Table 2.2 shows the production of potatoes in the
United States and'the major growing areas. In 1973 the total

potato production in the United States was 13 472 x 10° kg.

2.2.3 Potato production in Manitoba

The area planted to potatoes in Manitoba increased



Table 2,1 Potato Production in Canada in

1974 (4?)

r— 1
i Province Average Total Total |
i viglAa Area Productiorn {
] (ka/m2) 1 {103m2) (103 kq) i
¢+ {
|Prince Ed. Island 2.51 186 155 67 389 {
|Nova Soctia 1.63 17 806 28 9490 |
{New Rrunswick 2.59 234 718 607 737 |
{0uhbhec 1.78 214 483 382 158 |
IOntario 2.11 174 824 368 323 |
IManitoba 1.57 141 640 222 264 1
}Saskatchewan 1.70 14 164 24 nu1 }
IAlberta 1.95 93 078 181 4490 i
{B.Columbia 2.54 56 656 145 152 |
4
j211 Canada 2.4 1T 113 524 2 427 u40 1
1 i

Total value in 1974 =%$226 558 000

Table 2.2 White Dotato Production in United
States in 1973 ({46)

E S 1
] S+tate Averaaqgs Total Total {
{ Yiz=1d Area Production 1
] (kg/m2)1 (103n2) (106ka)y |
1 ]
¥ 3
iCalifornia 3.49 275 186 953 i
{Florida 2.04 121 406 272 1
{Idaho 2,69 1 307 134 3 538 }
{Mairne 2.35 554 419 1 315 !
{Michiagan 2,42 161 874 40R 1
IMinnesota 1.87 360 170 680 1
JNey York 2.52 218 530 544 i
{North Dakota 1.673 534 185 862 1
10regor 4,29 169 948 726 1
jPardus 2.24 121 406 272 }
iWashinaton h,82 331 842 1 588 i
jWiscongin 2.,A0 19C 202 S54n |
j0tters 2.01 926 730 1 860 i
i . ]
¥ 3
1211 7S 2.56 5 273 053 13 472 ]
1 ]

Tctal valu= in 1973 =$1 197 0CO0 00D

1To qet the averaogs vield in t/ha nultiplv kao/m2 a

factor of ten



nearly 34.7 percent between 1964 and 1970 (3). Favorable

agro-climatic conditions, along with the development of po-
tato handling equipment, spread potato cultivation from the
fine textured soils along the Red and Assiniboine Rivers to
the coarse textured soils of Portage la Prairie, Carman and
Winkler. Potato production in Manitoba during 1974 is list-

ed in Table 2.1.

2.2.4 Potato varieties

Many varieties are grown in Manitoba but Red, Warba,
Norland, Viking, Irish Cobbler, Norchip, Norgold, Red Pontiac,
La Rouge, Netted Gem, Kennebec and Chiefton are grown for

~

commercial purposes.

2.2.5 Markets for Manitoba potatoes

Decreases in potato production in eastern Canada and
the United States due to poor seasons coupled with the in-
crease in demand by the potato processing companies which
have increased in number and capacity in Manitoba have
strengthened the market for Manitoba potatoes. Fresh market
potato production increased in Manitoba due to recent in-

creased prices for potatoes (3).

2.3 Potato Cultivation in Manitoba

Rapid expansion of processing firms, advances in the
technology of proéessing and handling equipment, improvement

in potato varieties and disease control practices have made



growing potatoes a specialized business requiring large
capital investments and business and technical skills. The
comments on potato cultivation in this section have been

reviewed in reference three.

2.3.1 8o0il and climate

Potatoes grow well in rich, deep, friable, well-drain-
ed, medium to sandy loam soils, free from stones and clods,
slightly acidic and containing organic matter. The crop
needs a good supply of moisture but cold, waterlogged soils
are not suitable.

An average day time temperature of 15°C to 18°C with
cool nights favours good tuber formation. Rainfall of 2.5
cm per week throughout the growing season gives best results.
Five to 7.6 cm average monthly rainfall in Manitoba during
the growing season is close to this figure. Because of the
particularly suitable climatic conditions and the rapid
development of potato handling equipment, potatoes are grown

in all types of soil in Manitoba.

2.3.2 Cultural practices

2.3.2.1 Tillage practices The soil is tilled to a

depth of 15 to 18 cm in the fall and in the spring. This,
besides preparing a good seedbed and root bed, conserves
moisture, helps to control weeds, loosens the soil and helps

make nutrients available to the next crop.

2.3.2.2 Crop rotation Rotation of potato crop with
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some other crop is found to increase yields as well as con-
trol diseases such as scab, rhizoctonia, blackleg and wilts.

Sod crops also add organic matter to the soil.

2.3.2.3 Planting and fertilization Cut potatoes

are spaced 22 to 38 cm apart in rows. The rows are spaced
0.9 to 1 m apart depending on soil type and potato wvariety.
The soil temperature should be 4.5°C or higher.

Unless otherwise indicated by soil test, 67 to 90 kg/
ha of nitrogen and 34 to 56 kg/ha of phosporous should be
added to get good yields. Sandy soils usually require an

additional application of 28 kg/ha of potassium.

2.3.2.4 Intercultivation In addition to the primary

tillage operations frequent harrowing may be needed to con-
trol weeds, break clods and retain moisture. These operations
should be done before hilling. After hilling chemicals may

be used to control weeds and diseases.

2.3.2.5 Irrigation practices Where water is avail-

able, 4 mm per day may be added during the growing season.

On loose soils sprinkler systems are preferable.

2.3.2.6 Harvesting The tops are killed by a roto-

beater or chemical spray for early crops or by frost for
late maturing crops. 1In Manitoba tubers are harvested by
several methods. These include (i) digging, hand picking
and bagging, (ii) digging, hand picking and the use of bulk

boxes, (iii) indirect harvesting, (iv) direct harvesting
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and (v) direct-indirect harvesting. The most common method
of harvesting is the direct method where a potato harvester
lifts, cleans and delivers the potatoes to a truck. Indir-
ect harvesting makes use of a windrower followed by a har-

vester.

2.3.2.7 Handling and storage Potatoes are carried

to storage by truck. The potatoes may be graded, sorted and
marketed or simply stored for a few days or several months

before being taken to processing or delivered to market.

2.4 Potato Damage

Potato damage is any injury to potatoes caused by
agents other than disease, insects or physiological factors.
Hastings (13) reported that nearly 70 percent of the total
defects are due to potato damage. Based on the size, shape
and cause of injury, potato damage has been classified into

three main categories by Thornton (3).

2.4.1 Shatter damage

Shatter damage is that which results in tuber break-
age which does not usually leave large areas of broken cells

exposed on the tuber surface.

2.4.2 Mechanical damage

Mechanical damage is that which results from mechan-
ical gouging or tearing of tubers and produces areas of rup-

tured cells exposed on the tuber surface.
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2.4.3 Internal blackspot

Internal blackspot has no external symptoms but has
a dark area under the tuber surface. This is normally due
to pressure in the storage pile which results in the rupture
of internal tissue leading to enzymatic reactions. This is
not present during harvest (3). It is most common among
tubers lacking in potassium or relatively dehydrated or warm

tubers.

2.5 Damage Detection

As mechanical damage is normally not readily visible,
chemical reagents are used to maké the damaged tissues more
visible. Damaged tissue exposes the enzyme tyrosinase which
catalyses the oxidation of naturally occurring tyrosine.

This reaction produces a reddish-brown decomposition product
which finally produces the black colour of melanin. However,
the rate of this reaction is slow and depends on the variety
of the potato, Some monohydric phenols such as phenol, para-
cresol and catechol are also oxidized by tyrosinase. Cresol
can also be used (l). These reactions produce highly colour-
ed quinons. Catechol turns black to purplish after 3 to 5
minutes when combined with the enzyme'tyrosinase. However,
catechol does not detect internal blackspot. Lye peeling,
which consists of removing the skin, 48 hours after the in-
fliction of the injury is used to detect this type of damage.

But since this type of damage is not common during harvest,
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testing with catechol is quite adequate (3).

Catechol like other monohydric phenols is inexpensive
but should be stored in airtight, light-proof containers.
It is prepared_by adding 12.5 g of the chemical catechol to
1l 2 of water along with one fourth of a spoonful of liquid

detergent. The solution can be stored for a year or longer

(3).

2.6 Damage Evaluation

The method developed at the National Institute of
Agricultural Engineering (NIAE) assesses potato damage based
- on the number of strokes needed to remove the damaged portion
using a potato peeler which is set to remove 1.5 mm for each
stroke. If only one stroke is needed the damaged tuber is
termed as slightly damaged (SL). If two strokes are needed
the tuber is moderétely damaged (MD). If the tuber is cut
or more than two strokes are needed to remove the damage,
the tuber is classified as seriously damaged (SD) (3).

Another method used by researchers in New Brunswick
expresses potato damage in‘terms of trim loss by measuring
the weight of trim required to remove the damage. Trim |
weight is expressed as a percentage of the original sample

weight (3).

2.7 Damage Index

The damage index (DI) for potato damage is a number

which combines the relative importance of the various types
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of damage. The damage index is useful in evaluating potato
harvesting and handling machines and assessing the economic
importance of the total damage in a sample (3).

Thé NIAE method obtains the damage index by multiply-
ing the damage percentages in the sample by various factors
and adding the results. These factors are zero for undamag-
ed (UD), one for slightly damaged (SL), three for moderately
damaged (MD) and seven for severely damaged (SD). Thus the

damage index by the NIAE empirical method is given as:
DI = 0(UD) + 1(SL) + 3(MD) + 7(SD)

The New Brunswick method obtains the damage index by

a regression equation:
Y = Co + C1X1 + C2X2

where

Y the damage index
Co = a constant
C; and C, = regression coefficients

X; and X, = types of injury defined as flesh and crack wounds.

There is apparently no correlation between the two

methods of calculating the damage index.

2.8 Functional Elements of Potato Harvesters and Design

Considerations

The requirement of being able to harvest large areas
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in a short season coupled with the scarcity of manual labour
has contributed to the development of potato harvesting
machines. The potato tuber is an underground modification
of the stem and is attached loosely to the aerial shoot.
This makes potato harvesting quite different from other root
crops such as carrots and poses a problem in harvesting by
mechanical means. The mechanical harvest of potatoes con-
sists of two stages: (i) vine or top killing and (ii) tuber

lifting and cleaning.

2,8.1 Top killing

Top killing prior‘to harvest reduces work, bruising
and prevents losses due to oversized potatoes. When chemical
spraying is used to kill the tops, the vines left behind can
often cause blockage problems. Chemical vine killing also
increases tuber moisture content. If a rotobeater is used
to chop the tops, it may reduce the blockage problem but in-
crease the cleaning problem. Pulling the vines out of the
ridge is one of the possible means of getting rid of vine
problems but it is rather a difficult operation. Generally
the mechanical method is preferable to the chemical method.
Hawkins (14) suggests that possibly much of the damage can
be reduced by lifting the vines with the potatoes and then
separating them by an airblast or an inclined plane. How-
ever, an airblast separation can be used only for small
quantities (11). A mild frost early in the season can be

Beneficial in killing the yvines but a severe frost is danger-



ous to £he tubers.

2.8.2 Tuber lifting and cleaning

Lifting the tubers from the hill and cleaning them

is done in several steps with a potato harvester.

2.8.2.1 Tuber digging Potatoes in the hill are 1lift-

ed together with soil, stones and some tops and weeds by a
blade, drum, dished disc or rotating rod (7, 14).

The blade share is relatively cheap, simple and most
widely used. If the soil shear strength at the soil-blade
interface is more than the soil to soil strength which is
the case in loose, moist soil, there will bé disruption of
the Rill ahead of the mouth of the barvester. This will
cause loss of potatoes from the sides. Adding side guides
decreases this problem but increases the soil metal friction
and blockages. Blockages can be eliminated by a bar point
but this breaks the ridge and potatoes will be lost at the
sides. A “V" shaped share reduces this loss but needs to
be run deep thus increasing the soil-metal ffiction. All
these problems can be eliminated by using a disc in front
of the share or by removing the tops and the weeds before
harvest. Discs add to the cost and top removal adds one
more operation.

Drum type shares tumble the potatoes through a large
distance and can d&mage them. Soil driven discs do not lead

to any of the above problems but do not scour well in adhes-
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ive soils. The disc type delivers the potatoes and soil at
45 degrees to the centre line of travel thus limiting the
choice of subsequent steps to those which will continue the
flow approximately in the same direction. Power driven
double discs fitted with deflectors to deliver the potatoes
and soil parallel to the harvester travel have been develop-
ed at the Scottish Institute of Agricultural Engineering and
are reported to be working wéll (30). The rotary rod has
been satisfactory where there have been problems with fibr-
ous material but since there was increased.draft the new con-
cept of the vibrating blade has been developed.

Normally the conventional digger blade is placed in
such a position that its rear edge comes midway on the prim-
ary chain as the chain goes around the cones. This helps
in feeding the loose material onto the primary chain and
helps reduce draft. However, it causes considerable .damage
to the potatoes because of the impact with the rapidly mov-
ing primary chain while the tubers are still held firmly in
the soil. Usually the blade does not remove enough soil to
provide clearance for the primary chain. This increases
primary chain wear (21).

Another problem with the conventional blade is exces—r
sive spill out at the Blade. The Idaho Crop and Livestock
reporting service repbrted an average spill out loss of |
0.35 kg/m?, vVibrating Blades were developed in Idaho to
reduce machanical damage and draft, to assist in feeding

material to the harvester, to enhance the soil separation,
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to allow fast digging speeds and to reduce overall mainten~
kance. The development consisted of two separate blades, one
in each row moving independently in opposite directions.
The blades were supported in the middle so as to assist the
feeding of materials to the chains and also to reduce dam-
age at the blade and digger chain. However, this posed a
problem of clogging with vines. So a new centrally pivoted
full width blade was developed. This elminated the support
between the rows and hence provided more clearance for
trash.

The blade vibration caused rapid break-up of the soil
and quicker soil separation. A blade angle of 25 degrees,
a stroke length of 2.8 cm and a frequency of 2.5 Hz were
reported to be the optimum operating conditions (21). The
vibrating blade was found to reduce injury. In a 1972 test,
70.7 percent of the tubers were found to be uninjured with
the vibrating blade compared to 59.8 percent uninjuredkwhen
using a standard blade (21). Primary chain wear was reduced
'to 1/3 to 1/2 of that on standard diggers. The reqﬁired
draft was reported to be less. However, no net saving in .
energy was reported because of the additional energy needed
to drive the viBrating blade. The vibrating blade was found
to cut more tubers. Damage reduction was reported to be more

significant in adverse digging conditions.

2.8.2.2 -Soil separation It has been estimated that

an average harvesting machine is faced with the problem of
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separating 26.4 t/ha of potatoes from 751.2 t/ha of soil,
stones.and tops. This means that at a forward speed of 3.22
km/h the machine must be able to handle, on the average,
2.36 t of soil, 0.23 t of stones, 0.27 t of clods, 0.0l t of
tops and weeds and 0.1 t of potatoes each minute (14).

The second harvest step involves separation of soil
from the tubers. This can be done by a rotating drum, a
conveyor with agitation, seiving or riddling. The rotating
drum tumbles the potatoes and causes damage. Conveying withr
agitation is accomplished either by a chain with eccentric
agitation or a shaker conveyor. Chains with eccentrics for
agitation are most commonly used but lead to damage if agit~-
ation is violent especially at the rear of thé chains. Seiv-
ing or riddling causes no such damage except skinning which
is not regarded as serious damage. However, if tubers are
dropped onto the separating mechanism it leads to damage.
Potatoes should not attain the speed of the riddle before
the point of delivery. This can be achieved by sloping the
riddle and installing retarding fences.

Replacing vibrating chains by rubber rolls results
in practically no injury‘as the potatoes are handled very .
gently. The handling capacify per unit area is also inéreas—
ed. It has the advantage of more positive separation and
works better under damp and muddy conditions (26). Tt was
found to operate better under high yield than low yield.
Anti-roll belts are found to be advantageous especially on

the side elevator where roll back of tubers is common., Anti-~
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roll belts do not need any flights which helps in reducing
drop heights thus reducing damage. The drop heights are

reduced since no clearance is required for the flights.

2.8.2.3 Removal of vines and weeds A conveyor chain,

also known as the deviner chain, has a space between consecu-
tive links large enough to allow potatoes, stones and clods
tq separate from the vines and weeds. A roller of about 15
cm in diameter set towards the rear of the deviner grips

only the vines and pinches off any potatoes still attached
to the vines. Any remaining plant material with the potatoes
can be removed by the deviner roller at the junction of the

rear cross conveyor and side elevator.

2.8.2.4 Clod and stone separatioh Basic differences

in physical properties such as resilience, hardness, electri-
cal properties, specific gravity, shape, size and surface
texture have been used to achieve separation. Viscoelastic
studies on potatoes have indicated that they have a high re-
laxation constant and BRence cannot be separated from stones
and clods based on resilience and hardhess without damaging
the potatoes (17). By using brine or soil suspensions to
separate potatoes from stones and clods based on gravity it
is possible to get 100 percent separation. However, this
affects storage quality.

Based on surface texture, potatoes can be separated
from stones and clods By making potatoes, stones and clods

move on a horizontal conveyor slanted sideways. It was ob-
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served that it is easier to pick pofatoes from stones than
stones from potatoes. So any such dévice must be set to

leave a few potatoes in stones and clods rather than stones
and clods in potatoes (14). Spectral reflectance with infra-
red rays, y-rays and x-rays promise 100 bpercent separation

from clods and stones (30).

2.9 The Potato Combine and Its Parts

In potato combines, as marketed today, the following

components are present:

(1) a digging device, normally a blade;
(ii) primary and secondary chains equipped with agit-
ators to remove soil; |
(iii) deviner chains and deviner rollers to remove
plant material from potatoes;
(iv) a cross conveyor and side elevator to convey and
elevate potatoes to desired height;
(v) a clod and stone separating device, normally a
horizontal conyeyor slanted sideways; and

(vi) a boom elevator to convey potatoes to a truck.

2.10 Causes of Potato Damage

2.10.1 Damage before lifting

The damage that occurs before lifting varies from 0
to 13.8 percent with an average of about 5 percent. Care-

less harvester steering, narrow row spacing, wide tractor
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tires and poor hills are found to be the cause. It was found
that the average weight of the damaged tubers was slightly
less than the undamaged ones. The smaller potatoes tended

to grow shallower and hence were subject to injury (3).

2.10.2 Losses at the soileméchine interface

Losses at the soil-machine interface were foﬁnd to
vary from 0 to 21.1 percent with an average of about 9.2 per-
cent (3). Injury to the potatoes was found to decrease as
the depth of digging increased. The deeper operation decreas-
es damage due to cuts but increases power consumption. The
distribution of potatoes in the ridge depends on the cultural
practices sﬁch as hilling, location of the seed in the ridge
at the time of planting and rainfall intensity during the
growing season, Location of the seed pieces either to the
left or to the right may make the distribution asymmetrical.
Damaged tubers haye been found to be 22.5 percent heavier
than undamaged tubers. This is because the bigger tubers
tend to grow deeper and also tend to hayve difficulty getting
onto the primary chain. The proper setting of the blade
depth can eliminate most of the damage at the soil-machine

interface.

2.10.3 After lifting damage

Several factors contribute to damage. Some of fhem

are due to the machine while others are not machine related.

2.10.3.1 Non-machine factors Light soil and dry con-
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’ditions lead to bruising of'the tubers since the soil and
the tubersvseparate rapidly‘exposing the tubers to chain
vibrations. Medium or heavy soils in damp conditions can
reduce the bruising but will result in more soil going to
storagevand this could result in rotting due to heating (18).
Fine textured soils produce cladk in dry conditions and the
clods can cause damage. Low soil moisture can lead to clog-
ging in weedy conditions.

In an extensive survey conducted in 1968-69 fourteen
different dperators were compared. It was found that the
resulting damage varied from 3 percent to 47 percent. This
showed that the skill of the operator had considerable  in-
fluence on the damage (31).

Shatter bruising increases as tuber moisture content
increases whereas blackspot decreases with the increase in
tuber moisture content (42). Total damage generally decreéses
as the ambient temperature increases. Shatter damagé is at
a minimum when air temperature is 18 to 24°C. Harvesting
should be done when soil temperature is above 4.5°C to avoid
excessive damage. Therefore early harvest is better though'
it reduces the yield slightly. For the same reason harvest-
ing at about noon or in the afternoon decreases loss compar-
ed to harvesting in the morning or 1a£e at night (42).

Good cultural practices, to produce favourable soil
structure coupled with the minimum number of fiéld operations
possible,avoid clod formation and thus reduce damage. Good

planting practices such as even spacing and uniformly sized
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tubers help harvesting operations. Good weed control helps
reduce blockage problems and also avoids some loss at har-
vest time.

Varieties show some difference in their resistance
to shattering due to the difference in their skin texture.
Though different varieties exhibit relatively small differ-
ences in their resistence to static forces, dynamic handling
conditions produce large differences. Experiments conducted
in Colorado show that Russet Burbank samples are more sus-
ceptible to bruising than Red McClure samples (9).

Results obtained by Zahara et al (48) indicate that
- damage varies from field to field. This nay be due to topo—
graphy, soil conditions and soil tYpes.

Hand picking, though causing less damage during pidk—
ing, leads to as much damage as caused by mechanical harvest-
ing by the time the potatoes reach the storage place. This
may be due to careless handling of the potatoes after'pick—
ing (3). In a survey conducted in Idaho it was reported that
single row machines caused less damage than_hahd picking.
Single chain machines caused less damage than double chain
machines. Picking into sacks was found to be better than
picking into baskets. Trailer type digger-pickers caused
more injury than single unit digger-pickers. The potato

combine with proper adjustments caused the least damage (28).

2.10.3.2 Machine factors The main considerations
in the development of machines should be the smooth flow of

materials, avoidance of sharp drops and sudden changes in
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directions. Scme important factors that affect damage are
listed below.

A study conducted on seven different makes of har-
vesters in 1968-69 by O'leary (31) indicated that there is
not much difference between different makes of machines as
far as damage caused. |

The forward speed determines the rate of work. A rea-
sonable forward speed must be maintained fér adequate field
capacity. Results obtained by various researchers concern-
ing the effect of forward speed on damage do not agree.
Humphrey (16) concluded from his studies in Idaho that a
forward speed of more than 2.41 km/h was bad from the point
of view of damage. High field speeds mean high chain sﬁeeds
and thus the tubers gain momentum which, when they come in
contact with hard clods, rocks or parts of the digging mach-
ine, causes damage. This is especially true for potatoes
with low moisture content. Research conducted by Green and
others (3, 8) indicated that there was no significant differ-~
ence between damage done at various speeds. In some light
soils a high forward speed results in less damage than a low
forward speed since enough soil is retained on the chain (14).
The soil cushions the tubers from the chain. However, if the
higher forward speed decreases the damage by retaining too
much soil the overall result may leéd to dry rot in storage
because of the retained soil. When the forward speed and the
chain speeds were properly co-ordinated an increase in for-

ward speed was found to decrease damage by 66 percent (39).
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It appears that the effect of forward speed on damage de-
pends on soil type and condition and chain speeds.

Splits, lacerations and bruises are caused by the
impact of tubers on solid surfaces. 1In a study conducted
by Green (8) it was found that heavier potatoes cannot be
dropped more than 15 cm onto bare chain. On rubber covered
chain the drop can be increased to 45 cm. When potatoes
were dropped onto potatoes there was no damage to the dropped
tubers even at a drop of 60 cm. However, the potatoes which
receivéd the falling potatoes were damaged.

Experiments conducted on inclined planes suggested
that there was not much difference Between potatoes strik-
ing bare metal or resilient coating (8). Rubber coating ap-
pears to have less value if the drop is not vertical. It
was also reported that a coating of less than 1.25 cm does
not have much effect (14).

In tests conducted both in the field and on Statioﬁ—
ary diggers it was found that as the number of chains de~
creased, the damage decreased. A single long chaiq the same
length as two short chains, caused less damage because of the
elimination of the drop (8]. Hardenburg (11) reported 35
percent less injury with one continuous apron.

Potato samples taken off standard steel chains show-
ed an average of 15 percent bruising. The potato damage
‘'was reduced to 2,1 rercent when the chains were covered with
rubber (16). The weight of the damaged tubers was found to

be 20 to 30 percent higher than undamaged tubers (3). In
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New Brunswick tests, damaged tubers were found to be 31
percent heavier (l). To reduce damage at drops, at least
1.25 cm thick rubber coating must be used at all drops.

In heavy rain, rubber covered chain cannot be used as they
become covered with mud (16).

Harvesting potatoes into water filled trucks reduced
damage to 4.9 percentvfrom 10.2 percent in conventional
trucks, a reduction of about 50 percent (3). However, this
method is not suitable for big acreages.

The main purposes of the chains are to remove soil
from the potatoes and to convey the potatoes to the truck.
High chain speeds remove soil faster and hence expose the |
potatoes to fast moving chains which damages the tubers.
Potatoes change from zero yelocity to the chain velocity in
approximately 1 second in a distance of 90 cm (16).

Chain agitation can be provided to loosen the soilA
and remove it. In loose soil, agitation removes the soil
too quickly and exposes the tubers to the chain. Violent
agitation can throw the tubers into the air resulting in
damage. Agitation was found to increase damage from 0.75
percent to 4.5 percent (17). It is recommended.that the
soil separating area be increased so that agitation can be
eliminated.

Trim loss was found to increase exponentially with
chain speed and skinning was found to ihcrease linearly (3).
Experiments hayve shown the main cause of damage to be glanc-

ing blows receiyed by the tubers against chains, links and
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the digger blade. Hardenburg (ll) reported that changes

in chain speed from low to medium to high increased damage
from 2.3 percent to 7.3 percent to 15 percent respectively.
An increase in the primary chain speed resulted in a defin-
ite increase in injury even when the secondary chain speed
was kept low.

For low soil moisture conditions, ground speed should
be higher and the secondary chain speed lower. For higher
soil moisture conditions the primary chain speed should be
high and the forward speed low (1), To reduce damage all
chain link ends must be turned in or shielded.

The primary and secondary chains handle mainly soil
and hence their speed should be well co-ordinated with the
forward speed and the soil type. This is because the bulk
of the material lifted by the blade consists of soil. How-
ever, the rear cross conveyor, the side elevator and the
boom elevator handle mainly potatoes. Thus their speed
'should be co-ordinated with forward speed and yield.

Theoretical harvester chain speeds have been calcul~
ated. Table 2.3 gives the theoretical chain speed and for-
ward speed for a harvester with a 152 cm (60 in.) wide pri-
mary and secondary chain, a 147 cm (58 in.) wide rear cross
conveyor and a 74 cm (29 in.) wide side and boom conveyor
with 5 cm (2 in.) flights (43). In a study conducted at
Waéhington State University it was found that the damage
was reduced to 6,6 percent when the speeds of the secondary

chain, the rear cross conveyor, the side elevator and the
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boom elevator were reduced, compared to 18.5 percent tuber
damage when the harvester was operated as it was delivered
by the dealer. When the secondary chain speed was reduced
to 80 percent of its initial speed, the damage was decreased

to 10.4 percent (39).

2.11 Development in Potato Harvesting Machines

Attempts have been made in the past few decades to
incorporate research findings into existing machines to
reduce damage. The Departmentsof Agricultural Engineering
at the University of Idaho and at Washington State Univer-
sity were the pioneers in this field. |

As early as 1947 many potato combines were in use in
Idaho. They were developed mostly by individual farmers.
Improvements and engineering assistance were needed. With
the co-operation of Idaho Potato Commission, the Idaho Agri-
cultural Experiment Station launched a research project which
érovided‘engineering‘assistanée to farmers to build better
potato combines and also to build new machines. Humphrey (16)
suggested to the farmers to follow the following guidelines

to reduce damage:

(1) Reduce field speed of digger to 2.41 km/h or less.
(ii) Reduce the digger chain speed to 2.74 km/h or
less,
(iii) Operate the digger chain with the raised por-
tion of the link ends on the underside or shield the ends

with belting.
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(iv) Replace the kickers with idler wheels if soil
conditions permit.

(v) Put rubber tubing on digger chain links.

(vi) Eliminate all drops of more than 15 cm whenever
possible.

(vii) Put padding on the sacking platform.
(viii) ©Pad the bed of the truck in which the’potatoes
are hauled.

(ix) Reduce the speed of any transfer chain to 1.28
km/h or less.

(x) Put rubber tubing on all transfer, elevator and
pilef chains.

(xi) Pad the sides of the piler hopper.

(x1i) Handle the sacked potatoes with care.
(xiii) Dig deep enough to avoid cutting tubers.
(xiv) Harrow prior to harvest to reduce the number of
clods and to remove vines.

(xv) During the growing season keep machines out of
the field as far as possible. i.e. minimize the field oper-
ations.

(xvi) Replace the vibrating chain belts by rubber rolls.
(xvii) Use good cultural practices during the growing
period to establish good soil structuré.
(xviii) Use good seed and planting methods to get evenly
spaced tubers.
(xix) Establish proper soil moisture Ffor harvesting

(if irrigation possible]).
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(xx) Employ good weed control practices.

Modifications were done on some existing machines
and some new machines were built using the design ideas
suggested above. A single row potato sacking machine was
built around a 66 cm digger. The frame was altered to allow
for rubber separating rolls, a picking platform and a sack-
ing device. The digger chains were covered with rubber.

The rubber separating rollers were driven at different
speeds. However, this idea was not used later as fixed roll-
er speed did as good a job. The sacking hoppers were lined
with sponge rubber sheet and the height was made adjustable
(28).

A single row bulk handling machine with basically the
same design features as above was constructed except that
the potatoes were delivered directly to a bulk handling
truck.

A two row bulk handling machine was built in two dif-
ferent models. The first model used a standard two row dig-
ger for the basic frame with rubber separating rolls mount-
ed across the frame. The second model was designed without
reference to any existing machine. Both were similar in de-
sign and were meant to be used in 1ight soils were rocks
were not a major problem. The harvester used two engihes.
The first one was used to drive the digging chains and the
second to drive the elevators and rubberirolls. This pro-

vided good speed control of the chains.
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A two row heavy duty bulk handling machine was design-
ed to operate in severe conditions where rocks and clods
were a problem. The construction was similar to the single row
sacking unit. The original machine was powered by one engine
but a second engine was added for better speed control (28).

As time passed potato harvesting machines were manu-
factured in large quantities by commercial compahies. Many
developments occurred but still the potato industry remained
at a low level of mechanization. An estimate in 1974, plac-
ed the degree of mechanization at 30 percént of its then poss-
ible potential (47). Damage and loss due to damage remained
high. This led to further attempts by the Departments of
Agricultural Engineering at the University of Idaho and at
Washington State University with financial support from the
Thikol Chemical Company, the Idaho Potato Commission, the
Washington Potato Commission and the Alberta Potato Commis-
sion to desigh a low damage harvester. Two low damage har-
vesters were developed. The machine for Idaho growing cond-
itions had a small roll table while the machine for Washing-
ton conditions had no roll table as soil conditions there
did not require a rollltable. Many damage reduction concepts
which led to the smooth flow of materials to reduce damage
were incorporated (20, 23, 24, 25). Some of these concepts

were:

(1) A vibrating blade.
(ii) A hydrostatic drive to supply power to the chains

and the blade.
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(iii) An increase in the length 6f the primary chain
to reduce the angle of 1lift and thus‘ﬁrevent tuber roll.

(iv) A reduction in drop heights to reduce damage.

(v) A reduction in the slopes of the secondary chain
and the side elevator by passing the chain over idler rollers
just prior to the head shaft of each chain.

(vi) The elimination of the drop between the primary
and secondary chains by carrying the deviner chain down and
around the two nose cones with the digger chain.

(vii) A return side drive for the primary chain to
further reduce drop onto the secondary chain.
(viii) A return side drive for the secondary chain to
reduce the drop onto the cross conveyor.

(ix) A staggering of the discharge point of the sec-~
ondary chain onto the rear cross conveyor to more uniformly
load the rear cross conveyor.

(x) Reméval of the flights on the side elevator to
decrease the drops between the rear cross conveyor and the
side elevator and also between the side elevator and the roll
table. An antiroll belt was provided on the side elevator
to avoid tuber roll.

(xi) A 5 cm diameter trash eliminator roll which rot-
ated at about 250 rpm in the reverse direction, placed bet-
ween the discharge of the side elevator and the roll téble.
It was found to reduce the number of trash pickers by one
person.

(xii) An automatic boom height control device.
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In addition special hilling discs were developed
which were driven by a small tractor and were found to be
effective in handling vine problems. It was found that the
low damage harvester caused less damage than conventional
harvesters. However, the reduction in damage was not as

much as was expected.



CHAPTER IIT
DESIGN AND DEVELOPMENT

3.1 Conveyor Speeds

As was mentioned in the review of literature at a for-
ward speed of 3.22 km/h a potato harvesting machine handles
about 2.36 t of soil, 0.23 t of stones, 0.27 t of clods,
0.01 t of tops ané weeds and 0.1 t of potatoes on the aver-
age every minute (14). Since the amount of soil handled in
comparison to the amount of potatoes handled is very high
and since the primary and secondary chains handle almost all
the soil, the speed of the primary and secondary chains de-
pends on soil type and forward speed. The rear cCross con-
veyor receives a small amount of soil (about 15 percent of
tuber weight) and almost all of the potatoes, stones and
clods plus some vines (39). The side elevator receives po-
tatoes, stones and clods. The boom elevator receives only
potatoes.

As the present project deals with the adjustment of
the speeds of the rear cross conveyor, the side elevator and
the boom elevator, an attempt was made to develop a relation-
ship betweén conveyor chain speed, yield, forward speed, soil,

stones and clods.

3.2 Mathematical Formulation

For this analysis a harvester with rated lifting width



of w cm working at a constant forward speed of S km/h in a
field with y t/ha yield is assumed. Let Ngr Ogr Ngg be the
ratio by volume of clods, stones and soil lifted to the vol-
ume of potatoes lifted. Let Po be the bulk density of the
potatoes expressed in km/m°.

| It is further assumed that the potatoes, stones and
clods are of uniform spherical shape with r cm diameter.
Then the potatoes, stones and clods and loose soil if pre-
sent, are assumed to move iIn a layer with depth equal to the
diameter of the potatoes on a conveyor w cm wide.

The volume of potatoes handled can be expressed as
1000y~/pp m3/ha or y/(lopp) nd/n?,

If v m®/m?® is the total amount of material lifted

and passed onto the conveyor then:
vl - n, - ng - Qso) = Y/(lOQP)
so that
v = y/000Q - n, - ag " ngyle,) ¥/ m?

In At seconds the harvester will move SAt/3600 km.
Then the area covered iIn At seconds will be SAtw/360 m .

The volume of material handled in the area covered is

i

\Y vSAtw/360 m®. Substituting for vy from above gives

V = Swylt/(3600(1 - n, - 7nu_, - n_Jdp) . . 3.1
. ; so’ ' p

C S
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To avoid any accﬁﬁulation this material must be moved
as it comes onto the conVeyor. Assuming Si km/h to be the
speed of the conveyor, then the distanée it moves in At sec-
onds is 4 = SiAt/3.6 m.

If the amount of material received by the conveyor
in At seconds is distributed evenly‘at a uniform depth of
r cm over the conveyor width, W, cm then the volume on the

conveyor is

- 4 3
Ve - SiAt I‘Wi/(3.6(10 ))m ) . . . . 'v. . . . . 3-2

Assuming there is no build up material on the convey-
or, the amount entering must be equal-to amount taken away.
Therefore equating Equations 3.1 and 3.2 and solving for Si

gives

) « « .« . 3.3

§; = 10Sylw/wy)/ilrp, (4 - n, -~ ng - ng

Inspection of Equation 3.3 shows that the speed of
the conveyor depends on the méchine type, i.e. width of cut
and width of chain, the amount of stones and clods on the
chain, the amount of soil rétained, the speed of the harvest-
er, the yield of potatoes and the variety of potatoes. If
the potatoes are not spherical, but oblong, then instead of
using the diameter, r, use the least dimension. However,
this assumes that the stones and clods are similar to po-
tatoes in dimensions.

Equation 3.3 can be applied to the rear cross convey-

or as well, if the dimensions of the rear cross conveyor are

38
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substituted. If the width of the rear cross conveyor is

W, cm and speed is S, km/h then from Equation 3.3

S, = 1OSy(w/wr)/(rpp(l “Ng " Mg~ )l . ... 3.4

Normally the side elevator is expected to run free
of soil. Therefore Mg = 0 for the side elevator. Assum-
ing the side elevator has a speed of Ss km/h and a width of

w, cm, Ss can be given by,

Sy = lOSy(w/ws)/(rpp(l -n, - ns)) « « « « « . 3.5

Theoretically the boom elevator runs free of soil,
clods and stones, i.e. n, = Ny = n, = O.v If the width

is Wy, cm, its speed Sp km/h.canvbe given by,

s, = 103y(w/wb1/(rpp) - I

3.3 Actual Speed and Theoretical Speed of Chains

The actual speeds of the rear cross conveyor, side
elevator and boom elevator on a new machine operated at
standard power-take-off speed (1000 rpm) are listed in
Table 3.1 together with theoretical speeds. The theoretical
speeds are taken from Table 2.3 for two operating conditions.
The first condition for a theoretical’minimum chain speed
has a low field speed of 2.58 km/h (1.6 mph) combined with
a low yield of 11.2 t/ha (100 cwt/acre). For a theoretical
maxinmum chain speed a higher field speed of 4.2 km/h (2,5

mph) and a higher yield of 33.6 t/ha (300 cwt/acre) have
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been assumed,

The theoretical speeds listed in Table 2.3 were for
a particular machine working under ideal conditioné. The
Lockwood Mark 76 harvester has different specifications such
as chain widths and width of cut, etc. and therefore the
values may vary considerably for this machine. Furthermore,
Equation 3.3 indicates that the soil conditions and the var-
iety of potato also have an influence on the chain speed.
Theoretically the rear cross conveyor and the side elevator
should run at the same speed if the soil on each is negligible
(Table 3.1). It was noted that the actual speeds on the Lock~-
wood Mark 76 harvester were considerably different from the
tabulated values of Table 2.3. _

The reasons for these differences could be different
chain widths but perhaps the actual values of Table 3.1 are
in error for Manitoba conditions. For design purposes it
was decided to use the speeds listed in Table 2.3 as a guide,
The variable speed characteristic of hydraulic drives gave
considerable flexibility. The rear cross conveyor!'s speed

ratio with the side elevator was not changed initially.

3.4 Estimation of Torque Required for Chain Drives

The theoretical estimation of the torque required is
rather difficult because of the uncertain nature of the
forces acting on the conveyors. However, by making simpli-
fying assumptions a theoretical estimate is presented below

to obtain a design value. The derivation presented is for
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the general case of a conveyor inclined at an angle 6 degrees
to the horizontal.

In Fig. 3.1 a conveyor elevated to an angle 6 degrees
is shown loaded with potatoes on the upper side. Both the
upper and the lower portion of the chain are supported by
idlers. The following simplifying assumptions are made in
order to derive an expression for the torque required to

drive the conveyor:

l. The top of the chain is loaded uniformly with one
layer of potatoes containing no stones or clods.

2. The top and bottom chains are fully supported on
idlers so that catenary action can be neglected.

3. The force required to move the loaded chain on
the idlers is large compared to the friction forces in the
upper and lower sprocket antifriction bearings, i.e. neg-
lect the friction of antifiction bearings for upper and low-
er sprockets.

4. A composite coefficient of friction is assumed
for the idlers and any chain drag on the sides or supports
of the conveyor chain.

5. The chain mass is L kg/m, the conyeyor length
(i.e. half the chain length) is 2 metres and the chain width
is h metres.

6. The mass of potatoes is W, kg/m?.

7. The pitch radius of the drive sprocket is r metres.



43

N 2
; N otato mass = k
y . \\ | P m Wy g/m
N AR width of the chain = h m
N, {
N

chain mass

per metre = w_ kg/m /N

Fig. 3.1 Schematic Side View of an Elevating Conveyor.



Then with the above simplifying assumptions, the

following forces can be determined.

l. Normal force on the upper chain

= (wc + th) gl cos @
2. Direct force parallel to the upper chain

= (wc + wph) g% sin ¢
3. Normal force on the lower chain

= W, g cos ¢

4. Direct force parallel to lower chain

= W, 9% sin p

Summing for total force required at pitch diameter

of drive sprocket A gives

Fp = p(Wé + wbh) gl cos 6 + (wc + wph) gl sin 6

+ ﬁwcgk cos 6 -~ wcgl sin 6 . . . . . . . 3.7

The required torque, T, will be

T = . FTI L ] . - - L3 - - * - - o - - L] * - L] L] - 3'8
where
T = Torque, N.m
FT = Resisting force, N
¥ = ©pitch radius, m

Substituting from Equation 3.7 and simplifying gives
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T =

p(wc + w§h) glr cos & + pw glr cos 6

+ w_h g in ©
b glr s

c

° e ° ° e LY e e e o ° ° ° 3-9

4Equation 3.9 estimates the torque for a conveyor

subject to the above simplifying assumptions. The torque

estimated will be the required torque input to the drive

sprocket at the delivery end of the conveyor. Suitable de-

sign factors would be used also.

The use of Equation 3.9 will be illustrated by estim-

ating the torque needed for the rear cross conveyor, The

dimensions and other physical parameters which follow are

typical for the rear cross conveyor:

Width of rear cross conveyor, h=0.85m

Length of rear cross conveyor, 2 = 2,33 m

Elevation angle of rear cross conveyor, 6 = 0 degrees

Acceleration . due to gravity,
Composite coefficient of friction,

Pitch radius of drive sprocket,

g = 9.8 m/s?
1= 0.2
r = 0.0545m

Substitution into Equation 3.9 gives the estimated

tordque,

T =

r

20.7 N.m

| For the side elevator the dimensions were:

L =

0

il

£
il

4.5 nm
30 degrees
26.35 kg/m

h

g

= 0.85 m
= 9.8 m/s?
= 0.0545 m

45
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w, = 36.5 kg/m’ 1= 0.2

The estimated torque for the side elevator was

Tsc = 72.1 N.m

The required torque for the boom elevator was simil-~
arly estimated. The boom elevator has approximately one
third of its length inclined at an angle of 45 degrees while
the remainder is horizontal. Equation 3.9 was used for each
portion of the boom elevator and the results summed for the

total torque. The pertinent dimensions were:

L = 6.6 m; h=0.8m
6 = 45 degrees (1/3 of length); r = 0.0545 n

® = 0 degrees (2/3 of 1ength); ﬁ = 0.2
w, = 26.35 kg/m; |
W, = 36.5 kg/m?;

The estimated torgue for the boom elevator was

Tb = 79.1 N.m

3.5 Selection of Hydraulic Components

In order to avoid problems which are sometimes assoc-
iated with high pressure systems it was decided to use a low
pressure system. Inspection of the drive system present on
the Lockwood Mark 76 showed that two separate motors (one to

drive the rear cross conveyor and the side elevator and the
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other to drive the boom elevator) would be required. These
two motors were to operate in parallel. The basic circuit

was two separate open-center parallel circuits (Fig. 3.2).

3.5.1 Selection of motors

.A suitable drive point was selected to drive the
side elevator and the rear cross conveyor (Fig. 3.3). From
this drive point to the side elevator the drive undergoes
two reductions (Table 3.1l). The speed reductions were 18/25
and 18/30 for a combined reduction of 0.432., Therefore, thé
maximum speed reguired for the hydraulic motor was 70/0.432
rpm (162 rpm] (Table 3.1).

The above rotational speed represents the maximum re-
quired in order to replace the equivalent‘mechanicalvdfive.
In actual use the motor speed could be any speed between
0 rpm and 162 rpm. The hydraulic motor selection,was based
on obtaining a motor with the correct speed range and then
checking for adequate torque.

A Charlynn hydraulic Orbit motor (M-=206) rated at
6,895 MPa was available. The displacemént of this hydraulic
motor was 0.2442 2/rev. The required flow for maximum speed
was 39.6 &/min. The maximum torque for this motor was
199.6 N.m.
| The estimated required torgues for the rear cross con-
veyor and the side elevator haye been given above as 20.9 N.m
and 72.1 N.m respectively. There were intervening speed re-

ductions between the drive point and the drive sprocket for
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Fig. 3.3 View of Mount for Hydraulic Motor to Drive Rear
Cross Conveyor and Side Elevator.
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Fig. 3.4 View of Mount for Hydraulic Motor to Drive Boom
Elevator.
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each of the rear cross conveyor and side elevator. The
drive reductions were 15/20 and (18/25) (18/30) respectively.

Thus the required torque, T,, at the drive point was

i

T 20.7(15/20) + 72.1(18/25) (18/30)

t

= 46.7 N.m

The above hydraulic motor was judged adequate and
allowed for an overload factor of 4.3.

The boom elevator reguired a rotational speed any-
where between 0 rpm and 59 rpm. The torque requirement was
79.1 N.m. The drive point for the boom elevator is shown
in Fig. 3.4 and is a direct drive. A similar hydraulic
motor as was specified for the rear cross conveyor and side
elevator drive was available. The speed range was adequate
and the available torque at system design pressure allowed
for an overload factor of 2.5. At maximum design speed the

reguired hydraulic fluid flow was 14.4 2%/nin.

3.5.2 Selection of hydraulic pump

A pump capable of supplying the total fluid flow
needed and operating at system design pressure was required.
The system design pressure was 6.895 MPa and the total re-—
quired fluid flow was 54 2/min. The hydraulic circuit de-~
sign was based on the use of a flow divided for two circuits
of equal fluid flow. Therefore, the required fluid flow was

actually 79.2 &/min (39.6 <+ 39.6 %/min).



A surplus hydraulic pump was available at reasonable
cost (Princess Auto and Machinery Ltd., Item 1201148 Catalog

No. 133). The pump had the following specifications:

Maximum pressure ’ = B8.23 MPa

Maximum flow (@1800 rpm) = 90.9 2/min

This pump was selected as it had the required capacities.

3.5.3 Selection of accessories

The following accessories for the control and main-—

tenance of the hydraulic circuit were used (See Fig. 3.2):

1. A surplus hydraulic oil reservoir of 75.7 & capa~
city (Princess Auto and Machinery Ltd., Item 3215211 Catalog
No. 133) (See Fig. 3.5).

2. Two hydraulic fluid strainers with 100 mesh wire
element used in parallel on the suction line to the pump
(Princess Auto and Machinery Ltd., Item 3215181 Catalog No.
133) ( See Fig. 3.5). |

3. A hydraulic fluid filter in the return line to
the reservoir (Princess Auto and Machinery Ltd., Itém 3215002
Catalog No. 133).

4. A proportional type flow divider to provide two
equal flows in both circuits regardless of the individual
circuit demands (Priﬁcess Auto and Machinery Ltd., Item
3203052 Catalog No. 133) (See Fig. 3.6).

5. Flow control valves to provide variable fluid



Fig. 3.5 General View of Pump, Pump Drive and Reservoir
Area.

Fig. 3.6 View of Control Panel Illustrating the Flow
Control Valves and Accessories.




flow for speed control of the motors (Princess Auto and
Machinery Ltd., Item 3203087 Catalog No. 133) (See Fig.
3.6)

6. Pressure relief valves (one in each circuit) to
protect the circuit froﬁ overpressures‘(Princess Auto and
Machinery Ltd., Item 3203037 Catalég No. 133) (See Fig, 3.6).

7. Two directional control valves to give forward
or reverse direction for the motors (Gresen Model SPD 4) (See
Fig. 3.6).

8. A dust cover and vent for the fluid reservoir
’(Princess Auto and Machinery Ltd., Item 3203072 Catalog No.,
133).

9. A shutoff valve to permit servicing of the strain-
ers (Princess Auto and Machinery Ltd., Item 3203072 Catalog
No. 133).

10. Various hydraulic plumbing components selected to
minimize pressure drops (37). In general steel pipe (ncminal
size = 3/4 in.) was used except where flexibility was requir-
ed. Hydraulic hoses (nominal size = 1/2 in.) were used in
some cases to simplify the plumbing (See Figs. 3.2, 3.3,

3.4, 3.5 and 3.6).

3.6 Design of Pump Drive

Inspection of the original mechanical drive system on
the harvester showed that the input power-take-off shaft
drove a secondary shaft through a multiple V-belt and pulley

drive. There was a speed reduction from 1000 rpm (standard
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pto rotational speed) to 750 rpm for the secondary shaft.
It was convenient to use the secondary shaft for the power
source to drive the hydraulic pump (See Fig. 3.5).

The design speed for the hydraulic pump was 1800 rpm.
Therefore a speed increase was required. The.speed increase
ratio from the secondary shaft was 1800/750 = 2;4. A V-belt
drive was selected. The transmitted power, based on maximum‘

pump capacities, was estimated from the equation:

P = pq/Go ° ° L] L] . - . - - . . L] ° L] L] L ] - - 3.10
where

P = power, kw

P = pressure, MPa

g = volume flow, &/min
Therefore,

P = 8.23 x 90.9/60

max

12.5 kw

From a V-belt manufacturer's catalog (D74 Dodge Canada)
a suitable V-belt and pulley combination was selected to
transmit the above power. A 39.1 cm (15.4 in.) pitch dia-
meter three groove pulley driving a 16.3 cm (6.4 in.) pitch
diameter three groove pulley with three B66 belts was seléct—

ed,



3.7 Design of Motor and Pump Mounts

The pump, motors, reservoir and the control panel
were mounted on the harvester. Figs. 3.3 to 3.5 show these
units mounted on the harvester. All the mountings were de-
signed in such a way that they could be detached easily from
the machine. Therefore, no parts were welded to the machine.
The dimensions of the parts of the mounts were not strictly
selected on strength consideration but more from the point
of conformity with other members already on the machine and
the availability of the material. Steel angle shapes and
plates were used. The parts were considerably over designed
from a mechanical strength consideration. Some of the com-
ponents such as the stub shaft for the pumps and the short
'shafts éoupled to the motor shafts were selected based on
matching the size to the components to which they were coupl-
ed. For these reasons a detailed design of the components
based on mechanical strength was not done.

Most of the material used for the construction of the
mountings was mild steel angles and plates. Unleés otherwise
mentioned the angles were 50.8 mm x 50.8 mm (2 in., x 2 in.)
and the plates were 9 mm (3/8 in.) thick. The bolts were
generally 9 mm (3/8 in.) in diameter.

The pump was driven by a stub shaft through a flexible
coupling to take up any possible misalignment (Fig. 3.5).
The stub shaft was mounted on two ball bearings. The dia-
meter of the shaft was 25.4 mm (1 in.). The pump end of the

shaft was machined to 20.6 mm (13/16 in.) diameter to match
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the pump shaft size. The bearings were mounted on a 101.6 mm
(4 in.) wide plate 304.8 mm (12 in.) apart.

A 76.2 mm (3 in.) wide plate was welded to the pump
end of the above plate. Two angles were bolted on to this
76.2 mm wide plate, one on each side, with their backs next
to each other and other side facing up (see Fig. 3.5 under
pump). On the top of the angles a 101.6 mm (4 in.) wide
plate with two 12.7 mm (1/2 in.) diameter holes was welded.
This plate was the base for the pump mount and the pump was
bolted using the tapped holes in the pump and 12.7 mm (1/2
in.) diameter bolts. At the other end of the shaft a 162.6
mm (6.4 in.) pitch diameter pulley was attached using a
square key and bushing. This was driven by three B66 V=belts
connected to a 391.2 mm (15.4 in.) pitch diameter pulley key-
ed to the main drive shaft.

The entire pump mount unit was bolted to two slotted
angles mgunted 152.4 mm (6 in.) apart in such a way that the
mount could move vertically in order to proyide adequate
belt tension. The belts weré tightened by adjusting two
bolts which tightened against the main frame and pump mount.

The slotted angles were welded to two other angles
which in turn were welded to a 76.2 mm wide plate. This
plate was bolted to the machine frame by six bolts. In order
to provide additional support in the vertical direction an
angle wés welded to one of the slotted angles and the other
end bolted to the maéﬁine frame.

The motor driving the rear cross conveyor and the side
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elevator was coupled to a short 25.4 mm (1 in.) shaft through
a flexible coupling. The short shaft was welded on center

to a 101.6 mm (4 in.) diameter circular plate. The plate was
bolted to the existing sprocket using spacers welded to the
plate (See Fig. 3.3). The holes for bolts were spaced equal-
ly on a 76.2 mm diameter circle. This arrangement allowed
for easy replacement of the chain drive, if necessary.

A 101.6 mm x 101.6 mm (4 in. x 4 in.) steel plate
with 4 holes drilled in it was used to mount the motor. Two
angles, one on each side, were bolted to the mounting holes
provided on the motor with the plate clamped in between.

The rear angle was bolted directly to the machine frame
through a base plate to which it was welded. The other angle
was welded to another angle which ran perpendicular to both
the angles in the forward direction. The perpendicular angle
was bolted to the frame. In order to keep the flexible coup-
ling from separating in use, an additional angle was welded
to the mount providing axial rigidity.

The boom motor was coupled to the sprocket in a sim-
ilar fashion (See Fig. 3.4). A 101.6 mm x 406.4 mm'(4 in.

x 16 in.) steel plate was bolted to the mounting holes of

the motor and the other end of the plate was bolted to two
vertical angles spaced 101.6 mm (4 in.) apart. Each of these
angles was welded to another angle directed to the boom ele-
vator. The other ends of these two angles were welded to a
38.1 mm (1.5 in.) wide plate which was bolted to the boom

elevator.



An additional angle was welded across the angles
welded to the 38.1 mm wide plate and to the 101.6 mm wide
plate to protect the motor from moving axially when in oper-
ation. To the top end of the vertical angles, two long 25.4
mm x 25.4 mm (1 in. x 1 in.) angles were bolted so that they
extended across and over the boom. Each of these long angles
was welded to another angle on the forward side of the boom
elevator where a connection was made to the frame. An angle
frame was welded around the motor to protect it from damage

from the truck box.

3.8 Mounting of Accessory Equipment

The reservoir was slung in two loops formed from 3 mm
(1/8 in.) thick by 25.4 mm (1 in.) wide flat steel strip
(See Fig. 3.5). The ends of the loops were ﬁwisted to bring
them into the plane of 38.1 mm (1.5 in.) wide flats. The
loops were welded to the flats which were bolted to the
frame. Lateral stability during operation was provided by
a short brace from the frame to an angle attached to the top
of the reservoir.

The control panel was mounted as shown in Fig. 3.6.
The accessories were bolted to the Panel. Because of the
many hydraulic components involved, the plumbing was complic-
ated and swivel ended hydraulic hoses were used to make the

connections easier.
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CHAPTER IV
FIELD TESTING PROCEDURES

The procedures adopted for the field tests of the

modified harvester were as follows:

- Preliminary field testing of the harvester,
. Selection of the test sites,

. Recording of the experimental conditions,

1

2

3

4. Sampling procedure,

5. Determination of yield,

6. Determination of speed,

7. Damage testing and classification, and

8. Determination of actual torque requirements.

4.1 Preliminary Field Testing

The first task was to check out the machine in the
field. As the design had been based on theoretical estimates
of the loads involved it was necessary to find out whether
the machine functioned properly in field conditions. The
machine was taken to the Lockwood dealer's workshop in
Winkler, Manitoba and operated at no load on 75 08 18. The
no load test was successful and the machine was taken to the
field on 75 08 19 where it worked well. Therefore, it was
decided to demonstrate the harvester to interested potato
growers at a field day.

The preliminary field test revealed that the 6perator
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did not operate the tractor at rated engine speed. The
power-take-off speed was only 667 rpm instead of the assumed
rated speed of 1000 rpm. Although the harvester had worked
satisfactorily in the preliminary field test and at the demon-
‘stration field day, it was felt that the maximum speed of the
side elevator might not be high enough in high yield condi-
tions. Therefore the original motor driving these two con-
veyors was replaced with a motor capable of higher maximum
speed (Charlynn M-204). The motor had a displacement of
0.1688 &/rev and a maximum torque rating of 165.4 N.m at

8.23 MPa. The design factor for torque was reduced to 3,5
but this was felt to be adequate. The maximum speed for the
same flow of hydraulic fluid was increased by 48 percent.

The preliminary tests also indicated that the differ-
ence in speed between thé rear cross conveyor and the side
elevator was too high. The difference was reduced by 39 per-
cent by replacing an eighteen tooth sprocket with a twenty~
five tooth sprocket in the chain drive to the side elevator.
However, it was found later that in weedy conditions this
change was not desirable. The problem of blockages on the
rear cross conveyor in weedy conditions was partially over-—
come by increasing the speed of the rear cross conveyor by
29 percent and by adjusting the spring tension on the devin-
er roller. |

The preliminary field testing and the demonstrations
at the field day gave an opportunity to adjust the modified

harvester to the optimum operating procedure. Comments from



the growers and the operators aided in these adjustments.
For example, it was found that the tractor operator made the
decisions as to setting the conveyor speeds. Since the con~
trol panel was out of his reach a remote control device was

added to the system (See Appendix A for details).

4.2 Selection of the Test Sites

The test sites were selected in the fields which were
being harvested by the grower. The size of the test site
was based on the sizé and configuration of the field. TFor
a small field the site covered a major portion of the field,
whereas for a large field it covered only a few rows. This
method of selecting the sites had the advantage of confining
the tests to more uniform field and machine operating condi-
tions. The uncontrollable factors were the variations in
the soil and in the climatic conditions, the potato variety,

the date and the time of day of the sampling.

4.3 Experimental Conditions Noted

Information which was related to the experiments such

as harvester make and model, date and time, grower, soil type

and condition, soil temperature at a depth of 15.2 cm, ambient

temperature and potato variety was recorded. Temperature was

measured using a simple mercury-in-glass thermometer.

4.4 Sampling Procedure

Based on the work of Ahmad (3) it was decided that
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eight samples replicated on five fields would be adequate

in order that the accuracy of the results of the experiments
be at the 5 percent significance level. For yield estim-
ation five samples per field were taken. VYield samples were
collected at random on the test site. Samples for damage
testing at slow (adjusted) speed and at high speed were tak-
en on adjacent rows as nearly opposite as possible. Yield
samples were<dug by hand. Samples for damage testing were
collected at the delivery point of the boom elevator using

a simple catching device.

4.5 Determination of Yield

The yield was determined by taking the average mass
of five samples and multiplying by a conyersion factor to
obtain t/ha. The row spacing was 96.52 cm (38‘in.) and a
4.19 m (13.76 ft) length of row was dug to collect the sample.
The conversion factor was 2.47 to obtain yield in t/ha (sam-

Ple mass in pounds multiplied by ten gave yield in cwt/acre) .

4.6 Determination of Speeds

Two markers were fixed along the row 30.48 m apart.
Two more markers were fixed across several rows 30.48 m a-
part and opposite the first two. This arrangement avoided
error due to parallax. The time in seconds for the harvest-
er to pass the two markers was measured using a stop watch.

The average speed was calculated from

S = 3.6 d/t L] - L] ° . -« - L4 ® - - - . . L] L * L] 4.1
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where
8 = average speed, km/h
d = distance between markers, m

t = average time for machine to pass markers, s

The lengths of the primary chain, the secondary chain,
the rear cross conveyor, the side elevator and the boom ele-
vator were measured. A distinct mark was made on a link of
each conveyor chain. The time needed for the marked link to
complete a convenient number of integral revolutions was re-
corded for each conveyor. The speeds of the primary chain
and the secondary chain were related to the forward speed.

If the operating gear was not changed, which was the cése

in this experiment, it was not necessary to measure the speed
of the primary and secondary chains more than once. Simil-
arly, since the speed of the rear cross conveyor was related
to the speed of the side elevator only the measurement of

the side elevator speed was necessary. Forward speeds and
chain speeds for each operating conditions were determined

at least three times in each field.

4.7 Damage Testing

The samples were brought to the laboratory and tested
for damage. A catechol solution was used to make the damag-
ed areas detectable quickly. The potatoes were immersed in
the solution for 2 min and then dried for 10 min. The dam-~

agé, if any, showed up as dark red to purplish stains. An
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ordinary potato peeler was used to trim the stained area.

A slice approximately 1.5 mm (1/16 in.) thick was removed
by one stroke of the peeler. The damage was classified de-
pending on the number of strokes required to remove the

stain:

l. No strokes (no stain) = undamaged
2. One stroke = slightly damaged
3. Two strokes = moderately damaged

4. More than two strokes severely damaged

4.8 Torque Determination

In order to provide information for future studies
the actual amount of torque needed to drive the conveyors in
field conditions was measured. An ordinary torgque wrench
was used with a clamp. The clamp was made by bending a 1.25
cm (1/2 in.) sguare rod so that it hooked onto two adjacent
spacers on the sprocket (Fig. 3.3). During thé measurement
of the torque, the side elevator and the rear cross conveyor
were partially filled with soil. It was hoped that this
would give a true value for the torque needed in field condi-
tions. For the boom elevator the torque was measured in a
raised as well as a lowered position. The maximum torque
was measured in the raised position. Three readings were

taken for each conveyor to obtain an ayerage value.



CHAPTER V

ECONOMICS OF USE

5.1 Economic Implications of Variable Speed Hydraulic Drive

In judging any new developments, the value of the
developments is usually decided in terms of dollars saved
by incorporating such developments. It is not worthwhile to
make any expenditure if the return from the expenditure does
not justify it. Therefore, to convince potato growers about
the advantages of variable speed hydraulic drives it waé
necessary to calculate the dollars saved by such improve-
ments. In this Chapter an estimation of thé total savings

due to the variable speed hydraulic drives is presented.

5.2 Cost Analysis

The increase in the per hour operating cost of the
machine is determined by calculating the added fixed and
operéting costs due to the addition of the hydraulic drive
units. |

The fixed costs consist of depreciation, interest on
initial investment, taxes, insurance and.housing as applied
to the added components. The cost of the components which
were incorporated for experimental purposes only is noﬁ con-~
sidered., The excluded components were the two directional
valves, the pressure gauges and one relief value. The cir%

cuit diagram for the simplified system is shown in Fig, 5.1,
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Table 5.1 lists components as well as their costs. Table
5.2 lists the materials used for the mounts and their costs.

The labor cost for construction was estimated at
$350.00 consisting of one technician and one assistant for
one week.

The total initial cost was obtained by sumning the
component, material and construction labor costs to give ap-
proximately $1346.00.

The following assumptions were made to calculéte the

annual cost of the modifications:

1. Service life is 8 years (2000 hours of operation),
2. Yearly operation is 250 hours,

3. No salvage value,

4. Interest on initial investment is 10 percent,

5. Straight line depreciation.

The calculation of the annual cost was as follows:

1436 - 0
8

Depreciation per year =

Il

$155.75

)

Interest on initial investment (1346 ha 0)( 10

2 100
= $67.30
Taxes and insurance = 1346 x L
(1 percent of initial cost per year) 100

$13.46



Table 5.1 First Cost of Components Uszd (1975 Prices)

T h ]
{ Item Tter Descripntion Cost per Quantity Cost |
| No. Unit (%) No. (%) i
i - - .
| 1 Hvdraulic gear pump 49,00 1 49,00 1
1 2 Charlynn orbit motor 129.95 1 129,95 )
i {M-206) |
{ 3 Charlvnn orbit motor 114.00 1 114.00
i : {M=-204) {
H 4 0il reservoir 29.98 1 29.98 |
1 5 Flow control valve 49,590 2 99,00 1|
i 6 Proportional type flow 34,95 1 34,95 4
! divider |
1 7 Gresen relief valve 19.50 1 29.50 |
1 ] Gresen line type filter 11.50 1 11.50 |
1 g 0il strainers 14,50 2 29.00 4
{ 10 Breather v 0.99 1 0.99 j§
] {Dust proof vent) |
| 11 Shutoff valve 3.95 1 3.95 4§
] 12 Pump drive components 202. 14
{ {two pulleys,3 V-belts, : i
| bearings and couplinas) i
{ 13 Hvdraulic hoses ]
| 1. Rear cross conveyor 8.30 2 16.60 |
1 and side sl2vator |
] moter lines i
| 2. Pump to flow devidar 18,20 1. 18.20 |
] line i
i 3. Boom elevator line 15.86 2 31.72
1 {two pieces) 14.78 2 29.56 1
i 4, Return line 14.30 1 14,30
1 14 Hydraulic hose fittings 2.15 8 18.00 i
i 15 Short hoses and 1] 25.00 1|
1 couplings i
{ 16 Redncers,bushings 25.00
| elbows,tees ,etc. 1
1 17 12-velt electric screw 12.50 1 12.50
1 Jack i
| 18 3-way switch 3.50 1 3.50 1
F - : |
| Total 928.34 |
| - ! |
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Repair and maintenance cost = 1346 x 10
(10 percent of initial cost per year) 100

$134.60

il

Summing the above charges gives $371,01 for the total annual
cost of the modifications. Based on 250 hours of use each
yeaf the\cost per hour was approximately 1.50 $/h.

In the above calculations there was no charge made
for housing, fﬁel or operating labour since these items were
assumed to be the same for the conventional mechanical drive.
The hydraulic drives if used exclusively would eliminate
some costly chains and sprockets but no account was taken of

this.

5.3 Savings due to Damage Reduction to the Potatoes

In the following analysis the following assumptions

are made:

I

1. Percent damage reduction P percent
2

. Machine operating speed = 3.22 kn/h (2 mph)
3. Field efficiency = 70 percent
4. Rated width of the machine = 193 cm (76 in.)
5. Yield = y t/ha
6. Value of potatoes = x $/t

Using the above data, the potential savings in dollars per

hour can be estimated as:

Savings, $/h = 0.435 yxp
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The net savings per year can be expressed as:
Net savings, $/year = (0.435 yxp - 1.5)250 . . . 5.1

An estimate of how much savings can be expected under
typical conditions is presented with the results and discus~

sion in the next Chapter.



CHAPTER VI

RESULTS AND DISCUSSION

6.1 Potato Damage Results

As potatoes are produced and marketed on a unit mass
basis, the damage study results were calculated on a unit
mass basis. The raw data obtained is listed in Appendix B.
Appendix C contains the calculations for reducing the data
to a percent basis and lists the results for each sample.
vThe field conditions are listed in Table 6.1 and the overall
results are listed in Table 6.2. For the purpose of dis-
cussion in this Chapter the moderately and the severely dam-—-
aged potatoes will be added together and collectively re-
present the total damage.

On the basis of the experiments conducted towards
the end of September and during the first two days of October,
1975, it was found that’on the average 12.5 percent of the
potatoes were damaged when the harvester was digging potatoes
with the conveyor speeds adjusted (slow) to the vield cond-
itions as compared to 18.1 percent when the conveyors were
moving at high speed. This is a reduction in damage of 30.8
percent. Furthermore, it was found that on the average
skinning increased from 36.7 percent to 41.9 percent when the
conveyors were operated at high speed. This represents a
reduction in slight damage of 12.5 percent. However, in-

spection of Table 6.2 reveals that the amount of damage var-
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ies considerably from field to field. The data of Table 6.2
were analysed by statistical methods to determine any signi-
ficant trends.

The analysis of variance table based on a completely
randomized block design with more than one reading per block
is listed in Appendix D. In the analysis of variance the
blocks were the fields and the treatments were the slow or
fast conveyor spéeds.

The percent undamaged potatoes was significantly high-
er for the slow speed treatment (1 percent level). The per-
cent of damaged potatoes was significantly higher at the
fast chain speeds (5 percent level). The percent of slight-
ly damaged potatoes was not significantly different for the
two speeds. Although the differences in the percent undam-
aged potatoes were significantly different between fields
the differences between fields for total damage were not
significant.

Pérhaps the percent of slightly damaged potatbes was
not significantly different for the two speeds because of
the late harvest date when the tuber skins are normally
tougher than for earlier lifted tubers. The reason why po-
tatoes are more prone to damage when the conveyor runs faster
may be that their momentum is greater and hence when they hit
any objects such as stones and clods the impact forces are
higher. Another reason may be that when the chain is only
partially filled with tubers at high speed the potatoes

bounce and roll as they are conveyed and this repeated bounc-



76

ing and rolling repeatedly stresses the potato tissue.
Another source of impact to the potatoes is when po-

tatoes are transferred from one conveyor to another. Fin-

ally there is the impact of the potato dropping from the boom

- elevator to the truck box or to the top of the potato pile.

6.2 Variation Among the Fields

The analysis of variance shows £hat there was a signi-
ficant difference between fields in the percent of undamaged
and slightly damaged potatoes. This may be due to the dif-
ferent field conditions such as soil type and condition, weed
growth and soil temperature on the day of harvest as well as
different potato varieties. The ambient temperature on the
day of harvest also has a considerable effect.

Fields one and two were adjacent and had similar con~
ditions except for weed growth. Field two was very weedy.
The heavy weed growth required that the rear cross conveyor
ran faster than in field one even though field two had a
lower yield than field one. Field two had less skinning.
This~may be due to the presence of weeds which might have
cushioned the potatoes.

Field three does not show much difference in the amount
of damage at high and low speed though the damage done at low
speed is slightly less. Ideal conditions existed on that day
which might indicate that variable speed drives have more
advantage in poor digging conditions. Also field three was

planted to a new variety which may have had higher damage



resistance.

Field four was harvested in very bad conditions.
The temperature was very low and the field was very weedy.
There was a large difference in the amount of damage at slow
and fast chain speeds. The effect of speed reduction could
be more significant for low yield conditions particularly
when field conditions are bad.

Field five had generally good conditions for harvest,
The potato variety was Netted Gem. The speed of the convey-
ors at slow speed could not be adjusted properly. The oblong
shape of these potatoes prevented them from spreading evenly
across the conveyor width. The tubers tended to pile up and
perhaps the lack of rolling contribButed to the low percent
of slight damage in this case. This variety is known for
its tough skin and had the lowest values of slightly damaged

tubers for all tests.

6.3 Yield and Speed

Equation 3.3, de&eloped in Chapter 3, illustrates that
the speed of a conveyor depends on the forward speed of the
harvester, the yield, the presence or the absence of sﬁones
Oor clods and the average size and shape of the potatoes. The
forward speeds of the harvester was almost constant during
the experiments. The varietal differences influenced the
conveyor speeds considerably. No conclusive inference can
be drawn from the results on the dependence of the conveyor

Speed on yield except the two lowest yields did have the

77
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lowest conveyor speeds.

A conveyor is said to be running full when one layer
of potatoes is moving over it. In the field a subjective
judgement is made as to the fullness of the conveyor, Often
the potatoes were in more than one layer especially near the
receiving side of the conveyor while the oposite side was

not fully covered with potatoes.

6.4 Machine Performance

During the harvesting season of 1975 the machine work-—
ed for about 400 hours. There was no major problem during
the entire period. A minor probBlem of bBlockages at the de-
viner roller at the point of transfer from the rear cross
conveyor to the side elevator occurred éeveral times. This
problem was noted as being present on almost all makes and
models.

On harvesters with mechanical drive units normally a
slip clutch slips thus protecting the drive system, With
the hydraulic system the same function is accomplished by
the relief valve which opens allowing the motor to stall.
The problem could be avoided by using a higher speed on the
side elevator. Therefore, the side elevator had to be run
faster than desirable. Another method of preventing this
type of blockage would be to provide higher torque with a
high pressure system.

The best way to solve the problem would be to prevent

any blockages. On this particular machine the roller on the
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deviner was too tight. After loosening the roller the clog-
ging problem was considerably reduced. Other suggestions
for overcoming blockages are given in Chapter eight.

During the entire season there was no problem of over-
heating of the hydraulic oil or of ahy of the components.
The large capacity reservoir was specified to avoid any over-

heating problems.

6.5 Damage and Average Tuber Mass

Inspection of Table 6.2 indicates that as the average
tuber mass increases, the chance of receiving damage also
increases,

When the conveyor ran faster the average masses of
the damaged and undamaged tubers were less than at slow speed.
This could be due to the fact that at higher conveyor speeds
even the smaller potatoes acquired high momentum. Howéver,
the analysis of variance did not confirm this except in the
case 6f the undamaged potatoes. .Both fields ana speed
treatments showed significant differences for undamaged po-
tatoes (1 percent level). No other comparisons were signifi~
cant. The difference between fields is probably due to dif-

ferences in field conditions or varietal differences.

6.6 Econonic Feasibility

In Chapter five it was shown that the annual savings

due to damage reduction could be expressed as (Equation 5.1)

S = (0.435 yxp - 1.5)250




oxr

S = 109 yxp - 375

where

S

I

savings due to damage reduction, $/year, and

Y, P and x are as defined in Chapter five.

In this section the 1974 average yiéld in Manitoba
and the average wholesale farm price for potatoes during a
six month period In 1975 were used to illustrate the potent~
ial savings.

The potato marketing board was consulted as to the
method used to evaluate potato damage. Potato damage is eva-

luated as follows:

l. ©Ninety percent of the potatoes can be 10 percent
skinned and the remaining 10 percent can be 100 percent
bruised and yet the lot will make the grade. In Manitoba
no penalty is normally assessed for skinning as skinning
done during harvest disappears within a few days. Skinning
due to piling which leads to discolouration and bad appear-
ance is sometimes penalized, The only losses from skinning
are due to dry rot and loss of mass in storage. Because
these losses are difficult to guantify in dollar value, they
will be neglected in this discussion. ’

2. Five percent of the potatoes may havé damage that

can be removed by removing 5 percent of the total mass of



the potatoes and the lot will still make Canada No. 1 grade.
3. Five percent of the potatoes may have damage that

can be removed by removing a maximum of 10 percent of the

total mass of the potatoes and the lot will make Canada No.

2 grade.

The above classification is not absolutely rigid but
only a guide line. Common sense and experience of inspec-
tors are often invaluable in deciding the classification.
For these reasons it is difficult to get an accurate cost of
damage. The values calculated below are to illustrate the
approximate potential savings if potato damage could be re-

duced. The data used were:

I

l. Average yield in Manitoba (1974}, y = 15.7 t/ha

2. Average wholesale farm price (1975),x = 110 $/t

In the present damage study the total overall damage
exceeded 5 percent. Thus, any reduction due to slow conveyor
speeds is potentially a saving. The difference in total dam-
age is 18.1 - 12.5 = 5,6 percent, Substituting the above

values in Equation 5.1 gives

s = 109 x 15,7 x 5.6 x 110/100 - 375

t4

10 150 $/year

81

This amount is significant and illustrates that efforts

to reduce damage are very worthwhile. A reduction in damage

of only 1 percent has a potential saving of approximately
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1500 $/year based on the assumed yalues above.

6.7 Other Economic Benefits

In addition to the savings due to damage reduction
there may be other benefits such as reduction in the wear
and tear on conveyor chains. Because of the slow movement
of the conveyors the whole machine operated much smoother
and gquieter. Some sprockets and chains could be eliminated
entirely which would partially offset the cost of the hydraul-

ic drives.

6.8 Possible Disadvantages

Any defects in a mechanical drive system such as a
broken chain can be detected easily and corrected in the
field. However, the failure of a hydraulic drive systen
may be due to a fault in a pump or motor which cannot be re-—
paired in the field. In the harvest season any delay may
be critica}. Such failures are not common in modern hyd-
raulic devices and generally daily maintenance requirements

are not excessive.

6.9 Measurement of Actual Torgue Requirements

The actual torque requirements of the boom elevator,
the side elevator and the rear cross conveyor are not con-
stant for one complete revolution of the driving sprockets.
As the sprocket teeth make contact bBetween links the torque

requirement increases, reaches a maximum and then decreases



83

as the teeth disengage. The maximum torques measured for
the boom elevator, the side elevator and the rear cross con-
veyor are tabulated in Table 6.3.

The actual torque requirements as determined by dir-
ect measurement were’higher than the values estimated for
design purposes. The net effect was to reduce the actual
overload factors to 1.48 for the rear cross conveyor and

the side elevator and 1.83 for the boom elevator.

Table 6.3 Measured Torque Requirements

for Potato Harvester Conveyors (Lockwood Mark 76 Model)

Maximum Torque
Name of the Conveyor Measured (N.m) '~ Remarks

Rear cross conveyor
and 135.0
Side elevator

Boom elevator 83.8 Outer boom ele«
vator relatively
flat

Boom elevator 109.0 Outer boom ele-~

vator inclined




CHAPTER VII
CONCLUSIONS

From the results of this study as Presented in Chap-

ter 6, the following conclusions were drawn:

l. On the average 50.7 percent of the potatoes were
undamaged when the speeds of the conveyors were properly ad-
justed to yield, forward speed and field conditions compar-
ed to 40.0 percent undamaged potatoes when the conveyors
were running fast.

2. Field conditions had a significant effect on the
amount of undamaged potatoes. |

3. The average mass of an undamaged tuber when the
conveyor speeds were adjusted properly was higher than the
average mass of an undamaged tuber when the conveyor speeds
were high.

4. On the average 36.8 percent of the potatoes were
slightly damaged when the speeds of the conveyors were pro-
perly adjusted compared to 41.9 percent when the conveyors
were running fast.

5. The average mass of a skinned tuber when the con-
veyors were running slow or fast did not differ significantly.
| 6. On the average 12.5 percent of the potatoes were
damaged when the conveyors were running slow and full compar-

ed to 18.1 percent when the conveyors were running fast.

7. Field conditions did not have any significant ef-
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fect on total damage.

8. The average mass of the damaged tubers when the
conveyors were running fast did not differ significantly4
from the average mass of the damaged tubers when the con-
veyors were running slow.

9. VUnder the low yield conditions of Manitoba, slow-
ing down the conveyors reduced damage to the potatoes.

10. The Lockwood Mark 76 potato harvester equipped
with variable speed hydraulic drives worked satisfactorily
throughout the 1975 potato harvesting season for about 400
hours.

~11. Slightly higher torque capacities would ensure
positive drive of the conveyors in adverse operating condi-
tions.

12. The economic analysis shows that considerable
savings are possiblé if the amount of damage can be reduced

by installing hydraulic drives.



CHAPTER VIII
SUGGESTIONS FOR FUTURE STUDY

Based on observations during this study, the follow-

ing precautions or recommendations are offered:

l. For the design speed of the conveyors it must
be realized that the tractor was not operated at rated engine
speed. The actual engine speed used must be determined.

2. Higher overload factors must be used for the rear
éross conveyor and side elevator motor. Alternately the
mechanical drive could be restored for the rear cross con-
veyor. _

3. The cost of the V-belt and pulley drive to the
pump was guite high., There may be an economic advantage in
replacing the driﬁe with a chain and sprocket drive. The
chains removed from the side elevator drive or boom elevator

drive could be used.
Suggested future studies could be as follows:

1. Design changes involving the relocation of the
deviner roller currently located at the junction of the rear
cross conveyor and the side elevator.

2. Some tractors may have adequate hydraulic capacity
to deliver the required flow of hydraulic fluid to the hyd-
raulic motors. This would eliminate the need for a pump,

the pump drive unit and other accessories. Such tractors
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should be identified to the growers.

3. The Lockwood Mark VI is more popular than the
Lockwood Mark 76 and therefore variable speed hydraulic
drives for the Lockwood Mark VI potato harvesters should

be designed.
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Design of Remote Control for Changing

Hydraulic Motor Speed

Approximately 10 degrees rotation of the lever of the
flow control varied the motor speed from zero to maximum.
An electrical control unit powered by the tractor battery
was a convenient way of accomplishing the remote control of
the hydraulic motor speed. A linear actuator was selected
to move the flow control lever. The 1l2~yolt electric screw
jack (Princess Auto and Machinery Ltd,, Item No. 1106114)
had a 8,89 cm (3.5 in.) stroke. A linkage system as illus-
trated in Fig. A.l was designed and fabricated.

From the theory of mechanism it can be shown that for

the mechanism shown

2L°(1 - Cos 8) + 2aL Sin 6 <« (22 + 2al) =0 . . . A.1
where

L = length of actuating rod, cm

a = vretracted length of actuator, cm

% = stroke, cm

6 = angle of actuation, degrees

Substituting a = 31.75 cm (12.5 in.), & = 8.89 cm (3.5 in.)

and 6 = 10° in Equation A.l and solving for L gives
L = 51.33 em

Linmit switches were used to limit the travel of act-
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uator. By adjusting the positions of the limit switches
the stroke of actuator was controlled. |

The linear actuator was pivoted on a wooden block by
a long bolt and spacers. The free end was hooked to the
long rod so that the rod could pivot in the free end. The
rod was fixed in position by an Allan screw in the hole‘pro—
vided on the flow divider such that the actuating rod length
was 51.3 cm. At about 15 cm from the centre of rotation,
a short piece of rod was fixed to a similar control rod on
the other flow divider. The iength,of the connecting rod
was made adjustable so that a speed differential could be
obtained between the two motors.

The electric control switch was located at the tractor
operator's seat so that he could increase or decrease the

motor speed as was necessary with changing field conditions,
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Tabl2 B.1 Raw Da+a for Damage Studiss

Fielda 1

Slow Spee]d

| A
1 Sample Sample Mass of Damaged Tubers/Number of Tubers|
i (kg/count) |
{ - 4
! Number Mass D SL MD SD i
1 (ka) !
t 1
| 1 6e22 1.53/10 4,42/18 0.00/0 0.27/71 1
i 2 4,17 1.17 /7 3.01/15 0.00/0 0.00/9 1}
i 3 5.11 1.18/8 1.65/21 0.00/0 0.28/1
! 4 5.56 1.94 /12 2.77/12 0.00/0 0.84/3 |
{ 5 4,81 1.53/8 1.83/9 0.23/1 1.23/3 |
] ) 4.02 2.27/14 1.41/6 0.00/0 0.34/1
] 7 4,87 3.00/19 1.65/6 0.18/1 0.00/0
| 5} 5.15 3.18/18 1.72/9 0.2u,1 0.00/0
| A Il
Fast e=d
— - a]
1 Sample Samnle Mass of Damaged Tubers/Number of Tubargi
i (kg/count) |
[ —_ i
! Number Mass nn SL MD sn {
i (ka) |
+ . 4
{ 1 5.48 1.28/9 3.83/22 0.33/2 0.00/0 |
§ 2 6.19 0.h6 /4 5.25/24 0.00/0 0.29/1 |
i 3 7.33 2.01/15 5.03/22 0.30/1 0.00/0 ¢
i i 5.08 1.08/7 2.59/11 0.60/2 0.80/3 |
{ 5 5.87 1.67/14 2.89/9 0.32/1 1.00 /4 |
1 S 4,34 2.20/16 0.,83/4 0.73/3 0.58/3 |
1 7 5.3C 2.u48/17 1.78/7 0.61/2 0.43/2 4
! 3] 5.45 2.15/14 1.98/11 0.53/3 0.79/3 |
H 4
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Table B.1 Continued
Field 2

Slow Speed

T 3
i Samnle Sample Mass of Damaged Tubers/Number of Tuhers]
| (kg/count) 1
1 —— - .|
] Numher Macss un SL MD SD |
| (ka) |
— i
| 1 5,87 3./ /22 1.94 /11 0.00/0 0.30/1 4
i 2 4,73 2.33/17 1.60/10 0.00/0 0.81/3 |
H 3 6.15 2.39/7 1.02/5 ¢.00/0 2.75/5 |
| L 4,84 1.85/10 2.55/14 0.30/2 0,15/1 1
1 5 5.81 1.77/9 .45/714 0.00/0 0.60/2
| A .11 3.63/21 1.66 /10 0.46/1 0.37/2 4
i 7 5.27 3.15/16 0.58/9 0.29/2 1.25/748 1
{ 9 4,53 2.48/14 1.77/7 0.00/0 0.29/1 |
1 —— 3
Fast Speed
- 3
{ Sample Sampl=2 Mass of Damaged Tukers/Number of Tubersj
i {kg/cournt) H
i - 4
] Numbher ¥ass D SL MD SD |
| {(ka) |
- i
1 1 5.53 2.82/15 1.61/8 O.u40/2 0.66/3 |
{ 2 4,88 1. 64710 1.09/6 0.2271 1.93/8 |
1 3 6,04 3.01/15 1. 38/7 0.68/3 0.97/3 |
| L 5.29 Q.un/2 3.13/17 0.64/4 1. 06 /4 |
i 5 4,26 1.29/11 2.11/10 0.15/1 0.11/1
{ A 5.045 2.27/717 1.77/71¢0 0.u5/2 C.98 /4
I 7 5,03 2.115 /714 1.96/7 0.30/2 0.652/3 |
i 2} 5.12 2.29/712 2.35/12 0.23/2 0.2L4/7 4
i 4
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Tabhle B.1 Continu=d
Field R

Slow Speed

3.05/18

| Sample Sampl= tass of Damaged Tubers/Numhar of Tunhers)
] {(kag/count) |
{ - —_— |
{ Nuymber Mass an SL MD SD |
| “(ka) |
i i
1 1 6.62 2.93/16 2.88/13 0.00/0 0.82/3 |
] 2 5.46 1.90 /13 2.20/8 0.33/1 1.03/5 |
| 3 6,14 2.90/18 2.56 /14 0.0n/0 N.69/5 |}
H 4 £.28 2.57/18 3. 14 /14 0.00/0 0.56/3 |
| 5 .33 2.41/17 2.90/14 0.5u/1 0.47/1 |
] 6 4,97 1.87/1¢ 2.80/12 0.00/0 0.69/3 |
| 7 5.80 3.13/22 2.46/15 0.31/1 0.00,0 4
| 8 5.61 2. 78 /16 2.52/12 0.00/0 N.31/2 |
L —_— — 1
Fast Spe=zd
r )
{ Sample Sample Mass of Dameged Tubers/Number of Tubharsj
H ' {kq/count) |
| : 1
1 Rumber Mass 115)] SL MD SD H
] (ka) i
! - 4
i 1 6,89 2.37/15 2.51/8 c.uB/2 1.53/6
| 2 R, 20 3.02/25 2.01/10 0.40/2 0.82/5 1
{ 3 6.17 2.95/23 2.31/12 0.00/0 0.91/6 |
i 4 £,09 2.74 /19 2.83/12 0.00/0 N0.51/2 i
| 5 5.90 2.12 /1% 3.57/20 0.00/0 0.22/72 |
i h 5,65 1.62/14 2.72/715 20.57/3 0,74/3 4
! 7 4,43 1.98/14 1. 74 /711 0.15/1 0.62/3 |
! R 6.23 2.71/13 0.00/0 0.47/2 4
L. . i
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Table B.1 Continued
Field 4

Slow Svpeed

pe—_—

{ Sample Sample Mass of Damaaged Tubers/Numhber of Tubers

1 {kg/count) |
i - 3
| Number Mass on SL Mn Sh ]
| (kq) {
{ - 1
i 1 3.99 2.25/14 1.74/9 0.00/0 0.00/0
| 2 4,74 2.39/15 1.51/9 0.00/0 0.85/1 |
| 3 q,uyg 2.4u4/13 1.28/6 0.00/0 0.72/2
1 u 6.11 1.35/9 3.07/16 C.95/3 D.74 /2
i 5 h,el 2.34 /719 2.30/11 .00/0 0.00/0
] 2) 5.92 1.50/10 3.52/9 0.00/0 7.90/3
H 7 5,32 2.48 /19 2.49/1¢6 0.00/0 N.35/2 1
{ 8 5.37 3.76 /26 1.37/6 0.00/0 N, 2472 4
i J

Fagst Speed

r R
i Sample Sampla HMass of Damaced Tubers/Number of Tnbersj
i (ka/count) }
1 4
i Numhbher Mass an SL MD SD ]
1 {ka) !
F .
1 1 6,04 1.48/13 3.46/19 0.00/0 1.09/6
1 2 6.0 1.11/8 3.45/17 0.11/1 1.74/5 |
{ 3 f.75 1.79/15 3.12/17 .00/0 1.84,/9 |
] L h.02 2.36/18 2.12/712 0.un/2 1.14/5 ]
] 5 5.32 1.66 /14 2.55/15 C.00/0 1.11/70 4
| [ 5.92 2.46/15 3.08/1¢6 0.00/0 N.38/2 |
i 7 £.23 2.02/14 2.50/15 0.50/2 1.21/6 4
i 8 6.87 2.00/11 4,15/15 0.00/0 0.72/3 |
L |




Table B.1 Concluded

Field 5

Slow Speed
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! Samnple Sample Mass of Namaaged Tubhsrs/Numher of Tuhers|
{ {kg/court) ]
i — i
1 Nunmher Mass on SL M SD i
| {ka) .
F - {
1 -1 4,94 2.92/22 1.26/6 0.00/0 D.TA/2
] 2 B,.63 2.96/30 0.99/5 0.14/1 0.548,/3 |
| 3 u,27 2.98 /22 0.84/5 0.00/0 0.55/4 |
1 4 5,41 4,51/26 0.00/0 .00/0 0.90/3 1|
| 5 4,10 2.12/19% 0.94,/4 6.G0/0 1.04/5
] £ 4,8A 4,a48 /25 0.06/0 0.00/0 0.41/1 1
{ 7 .5.06 4.,29/32 D.26/1 0.00/0 n,52/4
§ o 5.73 5.06/33 0,43/1 0.00/0 0.24/1 |
.. —_ i
Fas* Sneed
T 1
] Sample Sample Mags of Damaagsd Tubers/Numbeaer of Tubers|
! {kg/count) |
1 1
{ Number Mass uD SL MD SDh |
| {ka) ]
— 4
| 1 4,23 1.83/18 2.02/10 0.00/0 0.38/2 |
| 2 5.52 3.83/26 1.36/5 0.00/0 N.33/2 |
i 3 4,.u5 3.18/27 0.85/5 0.00/0 0.42/2 |
1 4 4,9¢ 2.29/16 1.62/9 0.00/0 1.08/4 |
i 5 5.72 3.50 /27 1.61/8 0.00/0 0.61/3 4
| A 4,77 2.68/24 1.47/7 0.06/0 ND.62/3 |
| 7 5.72 2.82/2¢0 1.06/5 0.59/3 1.26/5
1 g 5.21 3.22/25 1. 2877 0.00/0 0.71/4 |
L 3




APPENDIX C
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C.l Sample Calculations

The raw data were reduced to a percentage basis. Let
M be the total sample mass in kg and MUD’ MSL’ MMD and MSD
be the mass in kg of the undamaged, slightly damaged, moder-
ately damaged and severely damaged tubers, respectively, in
sL’ NMD and NSD be the number of tub-
ers classified as undamaged, slightly damaged, moderately

the sample. Let NUD' N

damaged and severely damaged in the sample, respectively.

The present damage and the average mass in each category
were obtained as follows. Sample number one, collected in
field one at the slow speed condition was used for the sample

calculations.

C.l.1- Percent calculations

Myp

(i) Percent undamaged (UD) = —— x 100

M
6.22
= 24,65
| Ms1,
(ii) Percent slightly damaged (SL} = -22 X 100
M
6.22
= 71.04
(iii) Percent moderately damaged (MD) = 'fgg x 100



104

0.00
6.22

I

x 100

(iv) ©Percent severely damaged (Sp) = =2 4 100

= 227y 100

6.22

= 4.31

My + Mg

M

x 100

(v) Percent total damage (MD + SD)

0.00 + 4.31

il

= 4.31

C.1l.2 Average massl of tubers in each classification

Myp
S

UD

(i) Average mass of undamaged tubers (UD) =

1.53
10

(ii) Average mass of slightly damaged tubers = —=
(sL) N

4.42
18

lRounded to two significant digits.
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= 250 g

(iii) Average mass of moderately damaged = Mup
tubers (SD) N

MD
= 0

MSD

(iv) Average mass of severely damaged = 2=

tubers (SD) Nep

= 0.27
1



Table C.1 Percen% Damage and Averags

for Field T=sts

Field 1

Slow Speegd

Macss

106

~

r
{ Sample Parcent+ DNamage/Average Mass (q) Percent|
| Damage |
! - i
{ Nunber mn SL MD SD MD+SD |
] : )
¥ R
{ 1 24.65/7150  71.04 /250 0.00/C 4.31/270 4,31 i
i 2 27.98/170  72.02/200 0.00/0 0.00/0 0.00
{ 3 23.03/150  71,48/170 0.00/0 5.48/280 5.48 |
| 4 A4.92/1A0  49,89/2130 0.00/0 15.19,/280 15,19 {
{ 5 31.80/190  38.03,200 4.70/230 25.48,/410 30,17 i
| b 556.39/160 35,16/240 0.00/0 B.45/3u0 8,45
{ 7 62.45/160 33,89/270 3.66/180 0.00/0 3.6 |
1 3 651.87/18n0 33,39,190 L.74/240 0.00/0 4,74
1 N — ]
Fas+ Spe=zgd
i Sample Pzrcent Damage/Averags Mass {q) Percent|
i Damage |
| - |
{ Naumber un SL MD 5D MD+SD |
1 3
" g
] 1 23.28/140 70.78/180 5.95/160 0.00/0 5.95
} 2 10.60/160 84,78/220 0.00/0 4,62/7290 4,62
i 3 27.38/130 68,54 /230 4,08/300 0.00/0 4,08
i 4 21.31/150 51.04/240 11.89/300 15.75/270 27.65 }
H S 28.36/120 49,17/320 5.45/320 17.02/250 22.47 ]
i 6 50.65/140 19,119,210 16,74/240 13.427100 30,17 4
§ 7 46.83/150 33,66 /250 11.47/300 8.04/210 19,51 |
| 3] 39,48/150  3A,32/180 9,73/180 14,47/260 24,20
i )




107

Table C.,1 Continued
Field 2

Sl1ow Speed

¥ R
| Sample Percant Damaae/Averags Mass (q) Pezrcent]
1 Damaag= |
| ]
{ Number nn SL MD SD MD+SD i
— 4
i 1 51,92/170 32.97/18¢0 0.00/0 5.11/300 5.11
| 2 43,26/140 32,71/160 0.00/0 17.03/7270 17.03 1
| 3 38.81/340 1A.53/200 0.00/0 44,66/460 B4,.66 |
] 4 38.26/190 52.60/1R) £.12/150 3.02/7150 9,13 1
1 5 I0.41/200 59,33,/250 0.006/0 10.26/300 10,256
{ A £9,.31/7170 27.09,/170 7.52/460 £.08/7190 13.61 |
{ 7 59.74/200 10,94/60 5.51/7140 23.81/310° 29.32 i
i ] 54.63/180 39,06 /250 0.00/0 h.31/2090 6.37 |
H — i
Fas* Sp=ed
Ll n
] Sample Parcent Damage/Average Mass (g) Percent]
; Damaagz |
| 1
{ Number on - SL MD SD MD+SD |
1 N ]
i 1 51.05/7190 29,.12/200 7.96,220 11.87/220 19,83 |
i 2 33.52/7160 22.3A/180 4.50/220 39,52/240 uu,02 |
| 3 49,90/200 22.80/200 11.20/230 16.10/320 27.30 |
| 4 8.562/230 59.11/180 12.14/160 20.12/270 32.26 |
1 5 44,28/170 49,.58/210 3.56/150 2.58/110 6,4 |
i 6 41,607130 32.37,18¢0 8.17/220 17.87/280 26.03 |
| 7 42,74/150 39,00/28¢0 5.89/150 12.38/210 18,27 |
i 3 448,79,/1905 45,92/200 4.57/120 4,72/7240 9,29 |
L H
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Table C.1 Continu=4
Field 3

Slow Speed

. ]

| Sample Percant Damage/Average Mass (q) PaTcent|
1 NDamage |
| |
] Num D S1. MD SD MD+SD |
: 4
i 1 Lu,20/180 u3,u42/220 0.00/0 12.38/270 12,38 4
] 2 34.79/150 40,21/270 6.11/330 18.89,/210 25.01
] 3 47.17/160 41.63/18¢C 0.00/0 11.20/7140 11,20
{ U 41,01/7180 50.00/220 0.00/0 8.99/190 8.99 i
] 5 38.14,940 45,88/210 8.59,/540 7.3%/470 15.99 4
1 A 37.70,/190 148,41/200 0.066/0 13.89/230 13.89
i 7 52.98/7140 41,73/160 5.29/310 0.00/0 5.29 |
| 3 49.48/170 4L4,96/210 0.00/0 5.56/160 5.56 |
1 . 5}
Fast Soneed
: B 3
] Sample Percent Damage/Average Mass (g) Percent|
] Damaqge |
| |
i Numher iRIR) - 5L MD SD MD+SD |
1. J
¥ hf
i 1 24,43/7160  26G,46/310 6.94/240 22.18/250 29,11 |
i 2 48.30/120 32.16/200 6.44/200 13.10/160 19,54 |
] 3 L7,83,/120 37,48/190 0.0C/0 14.69/150 14,69 4
} u 45.08/140 46,60/240 0.00/0 8.32/250 8.32 |
| 5 A5.85/130 £0,45/180 0.00/0 3.69/110 2,69
1 6 28.63/120  48,20/180 10.01/190 12.16/250 23.18 |
| 7 4u,077180 IR, TR /160 3.30/1506 13.87/210 17,17 i
i 3 49,02/7170 42,50/210 2.00/0 T.48/230 7.48
i i




Tahle C.1 Continucd

Field 4

Slow Speed
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.
Parcent|

[« e - e e Wy

L
{ Sample Parcent Damage/Averag=2 Mass (q)
) Namage |
i : |
{ Number D SL %D SP MD+SD |
% ‘ — 1
| 1 56.33/140 43,67,/190 0.00/0 0.00/0 D.00
| 2 50.34/160 31.71/170 0.00/0 17.96/850 17.96 |
| 3 54,95/190 28,74 /210 0.00/C 16.31/7360 16,31
| 4 22,07/7150 50.20/190 15.55/320 12.18/370 27,73 |
I 5 50,43/120 4¢,57/210 0.0G6/0 0.00 0.00 |
1 A 25.,29/15C 5o,u7/7390 0.00/0 ©15.25/7300 15,25
1 7 46,A7/130 U6,73/160 0.60/¢C 6.54,/170 6.54 |
{ 3 70.03/7140 25,46/230 ¢.00/0 4,51/120 4.51
L . J
Fas*t Sperd

"
Sample Parcent Damags/Averags Mass (9) Perceant|
NDamags |
: - i
Number nn SL MD SD MD+SD |
]
4
1 24,51/7119 57.37/180 0.00/¢C 183.12/120 18,12
2 17.28/7140 53,86/200 1.66/110 27.21/350 28.87 |
3 26.56/120 46,19,/180 ¢.C0/0 27.25/7200 27.25
y 39.17/7130  35,28/180 6.64/200 18,90,230 25.55 |
5 21,27/7120 47,84 /170 0.00/0 20.89/280 20,89
15) 41,60/7150 51,98/190 0.co/C 6, 42/7190 6.42 |
7 32.49/714n 40.13/170 8.03/250 19,36/200 27.38 |
o} 29.12/180 A0,40/280 C.00/C 10. 477260 10,47
b]




Table C.1 Concluded

Field 5

Slow Sneed

110

r 3
| Sample Percent Damags/Average Mass (q) ‘Percent|
! Damaga |
i - i
{ Numher up SL MD Sh MD+SD |
1 ]
T E
1 1 53.127130 25,53/210 0.00/0 15.36/380 15.36 |
| 2 3.9, /100 21.41/200 3.66/180  11.57/180 14,63 |
J 3 €R.18,/140 19.,20/17¢C 0.00/0 12.62/71080  12.62
{ 4 83.41/170 0.00/0 N.00/0 16.59/300 16,59 |
{ 5 S1.71/110 22,95/72440 0.00/0 25,34/210 25,34 |
i A 91.47/7180 0.00/0 0.00/0 8.53/410 8,53 |
] 7 84,70/7130 5.10/260 0.00/0 10.20/130 10,20 |
i 8 28,27/150 7.54 /430 0.00/0C 4,19,/2490 4,19 1|
L. 3
Fas* Speed
T Ll
| Sample Parcent Damage/Average Mass (g) Percent|
| Damaga |
! [
] Number D SL MD SD MD+SD 1
L |
L hi
1 1 43,22/7100 47,75/200 0.00/0 9.03/19¢0 Q.03 |
| 2 £2,43/150 24,62/270 0.00/0 5.95/160 5.95 |
i 3 71.54/7120 19,11/170 0.00/0 9.35/210 9,35 |
i 4 as.81,/14n5  32.51/180 0.00/0 21.68/7270 21.68 |
1 5 61.20/130 28.10/20¢ 0.00/C 10.66/200 10,686 |
{ f 56.,27/110  3C.80/210 0.00/C 12.92/210 12.92 |
1 7 49,30,140 18.48/210 10.24/200 21.98/250 32,22 |
H 8 A1.87,130 24.50/180 0.00/0 13.63/180 13,563 |
i 3



APPENDIX D
ANALYSIS OF VARIANCE

FOR THE DAMAGE STUDY DATA



of

Table D.1 Analysis of Variance for Dama

Tndamaged Samples

gel

ot 3
{ Source DF Ss MSS F value |
} —_— 4
] Blocks u 22.321 5.580 14,378%x%x)
| Treatmants 1 5.7640 5.764 14 ,852%%
i Frror 74 28.719 0.388 i
+ 1
i Total 79 56.804 i
L 3
Sliaohtlv Damaged Samples
¥ |
1 Source DF _ 3S ¥SS F Valus |
F —
! Blocks i 22.632 5.658 12.837%x
i Treatments 1 1.321 1.321 2.997 |
{ Error T4 32.6115 . 0.441 |
F |
{ Total 79 5¢£.568 1
1 3
Modaratelv+Severely NDamaged Sanmnples
T B
| Scurcs DF SS MSS F valua |
F .|
{ Blocks o i 1.204 0.301 1.313 |
{ Treatments 1 1.567 1.567 h.B34% 3
{ Error 74 : 16,963 0,229 |
1 ]
v |
} Total 79 19,734 i
1 .

1The samplzs size was normalised to five kg
varianca

*%Significart at one percant lev=l
*Significant at five percent level

fer analy
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Teble D.2 Aralvsis of Variance for Average Mass
of Damaged Tubers

Ondamaged Samples

r hl
{ Source DF sS ¥SS F Value |
1 ; 3
L 3
1 Blccks 4 0.027 .007 B, 94 1%% |
{ Tre=atments 1 0.006 0.006 T7.96U%x%x |
1 Error T4 . 0,055 0.001 1
L : - 1
| Total 79 0.087 |
F ]

Slightly Damaced Samplecs

r R
] Source DF 58S : MSS F Value |
1 4
¥ 3
1 Blocks i} 0.010 0.0602 N.664 1
i Treataments 1 0.0001 0.0001 0,087 1
] Error v Tu ND.276 0.004 ]
F 9
{ Total 79 0.286 1
i 1
Modaratzlv+Severely Damaged Sémples
r 3
{ Sourcse DF SN MSS F Vvalue |
F 4
1 Rlocks 4 0.009 0.0C2 0.174 i
] Treatments 1 0.036 0.636 2.838 i
| Error Tu 0.934 0.C13 {
v i
1 Total 79 0.979 {
i 4

1Reurded to thre=z significant diaits





