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ABSTRACT

Long seedling-feed times can restrict the per-
formance of a planting machine. Inthis study feed
times were measured in a pneumatic feed-test rig.
Test variables were seedling type, air velocity and
hose diameter. Feed-time histograms were then
tested against chi-square distributions. Each
accepted distribution was used for calculating the
proportion of seedlings that could reach a planting
head intime and the proportion arriving late, with
respectto the machine-cycle time. The meaon feed
times for those two categories were then weighted
togetherto obtain atotalfeed time. Two models for
describing the total feed time, one for “normal”
seedlings and one for “butt-ended” seedlings were
constructed, with machine-cycle time, air velocity
and fullness quotient as input variables.
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INTRODUCTION

Machines for planting soffwood seedlings canbe
equipped with different types of seedling-feed
systems. When a pneumdatic feeding system is used,
that is when the seedlings are blown or sucked
through ahose, feedtimes cannot be fully controlied.
Since seedling-feed times can restrict planting
capacity, both their mean value and distribution are
ofinterest (1).

The aim of this investigation was to determine
whether chi-square distributions (1b) can provide
a good model for seedling feed times, and if so,
determine a model for the resutting feed time.
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As chi-square distrioutions are only defined for
infeger values (degrees of freedom) on randreal
values are used. They are in readlity gamma
distributions 1(a) withvalues of A =0.5-rand x =
O 5that are used. Nevertheless here they willbe
called chi-square distributions, mainly because they
are single parametric. The distrioutions were used
o calculate the proportion of seedlings that reach
the planting headin time with respect o the planting
head cycle-time and the proportion that arrive too
late and cause a decrease in planting capacity.

The only known commercial tree-planting
machine equipped with apneumatic seeding-feed
systerm isthe Swedish Silva Nova. Therefore the feed
tests were carried out in a rig with a hose con-
figuration and diameters similarto those of the Silva
Nova. Seedlings were sampled from production
stores in the field. Some samples consisted of pine
seedlings only, while others consisted of spruce only,
and a third type contained both pine and spruce
seediings.

Afthough Larsson (3) reported asslight difference
in friction coefficient between pine and spruce, no
systemattic difference between species was foundin
this study. This factor was therefore disregarded.

Feed-time histograms were obtained experi-
mentally for different types of seedlings. They were
fed through hoses with different diameters at
controlled air velocities. Histograms obtained were
compared with chi-square distributions, and the
best-fitting curve was used to calculate the pro-
portion of seedlings that reach the planting head
withinthe machine’s cycle fime and the proportion
of late seedlings.

Meanfeedtimesforthe on-time andlate seediing
groups were then usedto calculate atotal feed time
as a proportion-weighted mean.

Alinear model for predicting total feed time was
then constructed using the data from each seeding
batch asinput.
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MATERIALS AND METHODS
Seedlings

Seedlings of five types were sampled from
production during the 1993 planting season (Table
1. In addition, Plantek seedlings were obtained
directly from anew nursery system and thus had
smaller green parts owing to their shorter period of
growth.

Test rig

Thetestrig (Figure 1) was quite simple, consisting
mainly of an electric fanthat sucked airthrough a
hose. Photocells measured the time it took for
seedling to move 4.2 m with a height difference of
1.5m between two time-measurement points.

Measures and configuration of the hose were
chosen to resemble the conditions on a Silva Nova.
Likewise, hose type and inside diameters of 38, 50
and 63 mm were chosen. The hoses were made of
tfransparent PVC with an inserted steel spiral that
prevents flattening.

The seedlings were inserted vertically into the
hose. The bottom of the container passed the first
photocell, “starting the clock” once the whole
seeding was wellinside the hose. After a concave-
up bow the seediing passed a point of inflexion and
then a concave-down bow before going downto
the second photocell, which “stoppedthe clock”. The
highest point in the last bow was level with the first
photocellandthus 1.5m above the second photocel.
Further downstream there was a box where the
seedlings stopped on cushioning material, and the
airwas led away tothe fan. The box could be opened
andthe seedling taken out for further examination.

Time measurements were taken in hundredths of
seconds and could be read from a digital display
that wasreset between seedlings.

Air velocities of 15, 20 and 25 m/s were chosento
coverthe range used in practice. The velocity was
measured with a propeller meter (Schiltknecht
Miniair 2) and adjusted with a shunt onthe above-
mentioned box. Measurements were takeninthe
center of the hose ot steady state withno seedling in
the hose.

Some seeding-type/hose-diameter combinations
were not tested. For very high or low fullness
guotients, seedlings could not be properly
tfransported.

Statistical methods

Briefly the idea behind the method is to find chi-
square distrioutions that fit the feed-time histograms
well enoughto allow calculation of the proportion
of seedlings on the right wing that will not reach
the planting head in due time accordingto the cycle
fime of the machine.

First time readings for each combination of seed-
ling type, hose diameter and air velocity were rep-
resented in a number of histograms with different
class widths by rounding Figure 2). For each class
{ the histograms were then transformed from the
real-time axis 7to an xaxis by multiplying by ascale
factor sand translating according to equation (2).
At this point the scale factor is still an unknown vari-
e

X, =s-(tl.—lm) (2)

inwhich 7 isthe shortest feedtime. The transformed

Table 1. Type and number of tested seedlings, their container volume and largest cross-sectional
area. Weight and length are mean values and ranges for the seedling type.

Container
Container cross-sectional Total Green
Seedingtype Number volume, cm?® areq, cm? weight, g length, cm
Blockplant 121 632 &0 109 53 17
Blockplant 100 1132 @5 130 62 17
Hiko V50 941 20 8.64 A 17
Planta 80 743 48 7.06 36 15
Plantek 121 631 20 10.1 K's} 12
Plantek 81 317 85 16.8 o] 13
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Figure 1. Test rig configuration. @
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Figure 2. Originalfeed-time histogram (@), transiated and multiplied histogram by a scale factor (&) and
the adapted chi-square distribution (©) that starts at zero.
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histogram for a specific class width was then com-
pared with chi-square distributions (Figure 3).
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Figure 3. Chi-square distribution with rank 4.97
(solid) fitted to oloserved values (dashed)
with ¢lass width 0.18 for Blockplant 100
at 20 m/sin 63 mm hose.

The sum of squared differences for each barin
the histogram was calculated and divided by the
number of bars. This LS-mean value, (obs—ch/)g/n,
was minimized by stepwise manual interactive
adjustment of the rank 7 of the chi-square
distribution and 7,,,under the condition that the
mean value 7, of the histogram equaled the rank
of the chi-square distrioution, that is

r=s-(lM—lm) ®

For every minimized LS-mean value a chi-square
test wass carried out to determine whether there was
asignificant difference between the histogram and
the chi-square distribution function. Bars were
augmented so that no more than two bars had
theoretical values lower than 5. The number of
degrees of freedom inthe test was calculated as the
resutting number of bars minus one. The significance
levelwasset at 0.05.

The minimum LS-mean values form a regression
curve that has its minimum for the class width that
gives the best fit. Regression lines for rank, scale
factor and lowest value give values for these,
corresponding tothe best class width Figure 4). The
regression model for LS-mean was a second-order
polynomial and for rank, scale factor and lowest
value astraight line.

To be able to calculate the seedling proportions,
the planting head cycletime 7-must e transformed
to the x-axis. This value, x, is given by (4)

X =s-(lc—lm) &)
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Figure 4. Regression lines over class width for
Planta 80 at 15 m/sin a 50-mm hose.

Remaining on the x~axis the proportion of
seedlings that reach the planting head at times
shorterthan orequalto 7,is

st ~1, ) (5)
d= [ f(x)ds

inwhich 7%)is the frequency function for the fitted
chi-square distribution. The late-arriving pro-
porfionis /-g and theirmean-feedtime 7

1 0 ©
— = J'

s(t.=ty)

The late feedtime can be fransformed back tothe
real-time axis and the resulting total feed time, 7
for all plants calculated asthe weighted mean of 7,
and 7as



T=d-t,+(1-d)-(1,/ s+1,) @
Transformation back to the real fime axis by
t=x/$+1m ®

gives the resulting distribution curve in real time
(Figure 5).
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Figure 5. Resulting real-time distrioution curve for
Planta 80 at 15m/sin a 50-mm hose.

Calculations according to equation (7) were
carried through for each combination of seedling
type, hose diameter and air velocity at cycle times
of 2.0, 2.4, 2.5 and 3.0 seconds. If the percentage of
seedlings arriving intime reached 100 atf cycle times
shorterthan 3.0 seconds, the shorter cycle time was
used in constructing the model. The 100-percent
limit tumed out to be very diffuse due to the smooth
asymptotic character of the right wings of the
distrioutions; therefore two values were used: One
value wherethe roundedtotal feed time equaled 7,
and one value where the rounded total feed time
was one hundredth of asecond longerthan /. This
way each batchthat could be used in constructing
the model generated at least two sets of input data.

Alinear model was then formed with machine-
cycle time, air velocity and the quotient of fullness ¢
(container cross-sectional area divided by hose
cross-sectional area) as independent variables and
the total feed time 7as dependent variable. Infact,
the test results induced the construction of two
separate models by separating the seedling bbatches
iNto two groups.

More direct methods by Scott and Freedman and
Diaconis, reviewed by Hoaglin, Mosteller and Tukey

(2), were tried in order to find the best class width.
Methods based onthe number of observations, 72
and standard deviation did not work well. Standard
deviation is sensitive to extreme values which are
not wanted in this case, especially not onthe left
wing of the distribution. A more resistant measure
isthe IQR, the inter-quartile range. Working onthe
basis of thart criterion Freedman and Diaconis arrive
ct:

h=2-10R/¥n ®

in which Ais the class width. This method was evalu-
cted.

RESULTS

Seedling transport did not work for three out of
33 test batches. Allthree failures occurred at an air
velocity of 15 m/s, which evidently did not provide
the drag force onthe seediing requiredto overcome
friction and gravity. Test data forthe different seed-
ling bbatches are giveninTable 2.

Results of the optimization and goodness-of-fit
tests are givenintable 3. Ronk scale factor and lowest
value arethe regression values conmesponding tothe
minimum point of the regression line for the LS-
mean values. Since the shortest feed time, 7,,, was
only used as a start value in the optimization the
resulting lowest value in table 3 is different. Due to
the regression procedure the resulting mean feed
times can also differ from those in table 2. The
regression values do not correspond exactly. These
mean feed times are calculated by inserting 7for x

ineq. (8).

R-square values for the regressions were greater
than 0.84 for LS-mean and rank except in one case
whereitwas0.67 for Ls-mean andtwo cases where
itwas 0.76 for rank. Forthe scale factor, R-squared
values were at least 0.90in all cases.

Assignificant difference between the feed-time
distribution and chi-square distributions at the 5%
level was only found in six of 30 cases. This indicates
that chi-square distributions can be used as an
approximation of feed-time distributions.

Four of the six exceptions involve Hiko seedlings.
The pine batch run af 20 m/s with 50-mm hose
(©=0.002) is adjacent to one for which the transport
failed. Moreover, it was the only batch with negao-
tive skewness. All three spruce batches had high
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skewness compared with the rest of the batches. The
15m/s batchis alimit case (p=0.047), but the other
two show a highly significant disagreement with
chi-square distributions with =0.6 - 7.

Thefifth batchthat did not agree with a chi-square
distribution was Blockplant 100 at 25 m/s, which
also had a high skewness. This batch and the two
Hiko batches with high skewness decrease too rap-

Table 2.

idly to the right of their maximum 1o agree with
distributions with lambda values as high as 0.5 - 7.
Lower values onlambdawould give anarrower dis-
tribution and better agreement.

The sixth batch that disagreed (p=0.011) was
Plantek 121 at 15 m/s. No reason for this could be
found based on its skewness.

Feedtest data for the different seedling batches. The quotient of fullness, ¢ is the inside hose

cross-sectional area divided by the largest container cross-sectional area. £3-&;isthe range

betweenthe 1st and 3rd quartile.

Feedtime
Quotient  Air
of full- vel. min, mem Std  Skew-
Seedingtype Species n Hose nessg m/s T, Ty dev. ness Q3QI
Plantek 121 Pine/ 14 K'S] 0.89 15 091 1.46 049 093 070
Spruce 106 K'S] 0.89 20 062 090 026 1.23 035
100 3B 0.89 25 050 075 0.21 101 029
107 0] 051 15 1.16 219 068 055 1.14
112 0] 051 20 090 1.38 03 075 053
58] 20 0.51 25 062 0.85 0.14 1.26 013
Planta 80 Spruce 114 K'S] 0.76 15 104 1.85 05 040 0.84
143 K's} 0.76 20 090 1.45 034 075 047
107 K'S] 0.76 25 0.85 1.11 017 055 027
143 0] 044 15 1.26 2.38 059 028 090
144 0] 044 20 0.86 1.80 043 070 061
Q2 0] 044 25 0.78 1.14 029 1.21 033
HIKO V50 Spruce 14 K'S] 062 15 1.06 1.38 020 1.92 020
190 K'S] 062 20 0.80 093 013 344 090
162 K'S] 062 25 063 0.85 0.21 244 013
Pine &2 K'S] 062 15 1.08 1.35 013 049 013
108 K'S] 062 20 071 0.86 009 029 014
2 K'S] 0.62 25 061 0.71 006 054 008
- 20 036 15 - - - - -
136 0] 0.36 20 071 1.09 017 025 025
77 0] 0.36 25 0.79 094 008 028 01
Plantek 81 Pine/ 58] 20 0.86 15 102 250 087 001 1.58
Spruce 107 20 0.86 20 0.87 1.83 083 093 1.14
117 S0 0.86 25 0.66 1.25 045 1.17 050
Blockplant 121 Spruce - 20 055 15 - - - - -
97 0] 055 20 101 290 142 050 241
139 0] 055 25 0.81 1.39 0.46 1.64 043
- &3 035 15 - - - - -
266 63 035 20 094 142 042 1.72 046
130 &3 035 25 074 1.00 0.16 1.93 012
Blockplant 100 Pine 249 63 042 15 1.12 312 197 014 0.58
437 63 042 20 0.79 1.62 057 1.35 067
446 &3 042 25 063 099 027 25 0.28
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Table 3. Results from optimization and goodness-of-fit test. The three rightmaost columns contain class
widths obtained by optimization and by using the Freedman and Diaconis formula with exponent
0.333 and 0.268 respectively.

Feedtimes,
Scae second Class width, seconds
rank factor G-of F-D F-D
Seedingtype r S o} lowest mecn optimall 0.333) (0.268)
Plantek 121 4.31 6.29 001 0.76 1.45 012 015 020
371 10.80 0.07 0.55 0.89 008 007 0.10
413 1250 0.14 039 072 008 0.06 008
505 397 026 084 2.11 024 024 033
491 7.41 0.70 0.67 1.33 013 01 015
6.32 2450 022 057 0.83 004 003 004
Planta 80 507 509 0.76 0.79 1.79 0.19 0.17 0.24
472 7.07 0.9 0.71 1.38 015 009 0.12
4.37 1350 0.91 0.74 1.06 008 0.06 008
6.55 504 050 099 2.18 0.19 0.17 0.24
488 590 0.10 063 1.46 0.18 012 016
453 9.63 094 065 1.12 Q.10 007 Q.10
HIKO V&0 6.18 1500 0.05 102 1.43 005 004 005
3.85 19.10 0.00 073 093 004 002 002
408 14.10 0.00 056 0.85 004 002 003
568 22.20 0.55 108 1.34 004 003 004
564 29.70 0.46 0.65 0.84 003 003 004
490 4010 042 058 0.70 002 002 003
5.86 11.30 000 0.48 1.00 007 005 007
4.70 2840 0.18 0.70 0.89 004 003 003
Plantek 81 505 233 039 019 2.36 037 035 047
375 284 020 0.44 1.76 032 024 033
506 654 047 0.44 1.21 0.15 0.10 014
Blockplant 121 - - - - - - - -
306 1.36 037 047 2.72 064 0.53 0.71
3.74 549 0.06 0.76 1.44 016 0.08 011
2.36 436 030 091 1.41 020 007 010
3.11 14.70 0.08 0.79 1.00 007 002 003
Blockplant 100 6.34 250 013 0.48 3.01 039 025 0.36
5.36 5.80 025 0.69 1.61 0.18 009 013
531 11.00 000 050 1.00 008 004 005
Treating allbatches as one homogenous group was One strong indication that this was a valid

not successful because the characteristics of the  partitioning was the difference in mean feed times
individual batches differed too much. By contrast, (Table 2and 3). In both groups the slopes of the lines
it was usefulto divide the seedling batchesintotwo  were significantly different fromzero (o < 0.003) and
groups: Group A, containing Plantek 121-, Planta from each other (o < 0.004). R-square values were
80- and Hiko seedlings, and Group B, containing  ratherlow, i.e. 0.6 - 0.7 (Figure 6).

Plantek 81- and Blockplant seedlings.
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Figure 6. Mean feed times for seediing batchesin
group A (diamonds) and group B
(sguares), and their regression lines over
air velocity.

Forseedling group A the resulting model was:

T=0977 1--0014-v-0.179- q+0.482 0
and for group B:
T=07931,-006] v+0418 g+ 1.420 an

In both models the coefficients were significantly
different from zero (p < 0.001 for all except the
quotient of fullness for group A, for which p=0.005).
The R-squared value is 0.98 for both models and
the standard error for 7less than 1.5%.

Inthe Freedman and Diaconis formula, equation
©). 2- /QRcorresponds to &3-&; intable 2. The
third column from the right in table 3 gives the class
widths obtained in the optimizing process. Class
widths, A according to (9) are given in the next
column. If the exponent in the Freedman and
Diaconis formulais altered from 0.333 t0 0.268 class
widths will be equalto those shown inthe rightmost
column.

Equations like (10) and (11) can be used to study
how aspecific planting machine with a givencycle
time isinfluenced by different seedling types orto
determine expected feed times at different cycle
fimes for a specific type of seedling. Inthe first case
7~ is held constant and tables like Table 4 are
obtained. Inthe second case gis held constant, and
tableslike Table 5 are obtained.

Table 4. Total feed times, 7, for quotients of fullness, ¢ between 0.3 and 0.9 for group A seedlings at
machine cycle time /.= 2.5 seconds and air velocities of 15-25m/s.

Air velocity, m/s

15 16 17 18 19 20 21 2 23 24 2
030 2644 2639 2625 2611 28596 2882 2567 2553 2839 2524 2510
035 2645 2631 2616 2602 2887 2573 2559 2544 2530 2515 2801
040 2636 2622 2607 2593 2578 2564 2850 2835 2521 2806 25
045 2627 2613 2598 2584 2569 2555 2541 2526 2512 25 25
080 2618 2604 2589 2575 2560 2546 25832 2517 2803 25 25
q085 2609 2595 2580 2566 2852 25837 2523 2808 25 25 25
060 2600 2586 2571 2557 2543 2528 2514 25 25 25 25
065 2591 2577 2562 2548 2534 2519 2805 25 25 25 25
070 2882 2568 25563 25839 2825 2510 25 25 25 25 25
075 2573 25890 2545 25830 2516 2801 25 25 25 25 25
080 2564 2580 2536 2821 2807 25 25 25 25 25 25
085 2555 2541 2827 2512 25 25 25 25 25 25 25
090 2546 25832 2518 28503 25 25 25 25 25 25 25
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Table 5. Totalfeedtimes, 7 formachine cycletimes, 7, between 2 and 3 seconds for Planta 80 (g =0.76)
from group Ain a 38-mm hose.

Air velocity, m/s
15 16 17 18 19 20 21 2 23 24 25

20 2083 2069 2054 2040 2026 2011 20 20 20 20 20
21 2181 2167 2152 2138 2123 2109 21 21 21 21 21
22 2279 2264 2280 2235 2221 2207 22 22 22 22 22
23 2376 2362 2347 2333 2319 2304 23 23 23 23 23
24 2474 2459 2445 2431 2416 2402 24 24 24 24 24
fcs 25 2572 2557 2543 2528 2514 25 25 25 25 25 25
26 2669 2655 2640 2626 2612 26 26 26 26 26 26
27 2767 2752 2738 2724 2709 27 27 27 27 27 27
28 2864 2850 2836 2821 2807 28 28 28 28 28 28
29 2962 2948 2933 2919 2905 29 29 29 29 29 29
30 3060 3045 3031 3017 3002 30 30 30 30 30 30

In both tables model estimates lower than the mo-
chine cycle time are set equaltothe machine cycle
fime.

DISCUSSION

Chissguare distributions can be used as a model
to describe the feed-time distribution for many com-
binations of seedling type, air velocity and hose di-
ameterinthe pneumatic feeding of soffwood seed-
lings. Real values for the rank of the chi-square dis-
tribution must be used in order to achieve an ac-
ceptably high degree of resolution. A full expan-
sion of the model to gamma distributions would
probably give significant agreement for all the
batchesinthis study. Inthat case a computer pro-
gramwould have to be used to handle the stepwise
adaption of lambda, rank and lowest value.

The test rig configuration has been fixed through-
out this study. The fact that standard deviation as
wellas €3-&;are proportionalto the mean value
for both seedling groups confirms that there is no
reasonto believe that the feed-time pattem would
be radically different ifthe hose length or alignment
were slightly altered. Feed times for other hose
lengths would then be roughly proportionalto the
length.

Division of the seedling batches into two groups
made it possible to construct good models. There
are three main differences betweenthe models:

* Feedtimes are generally lower formodel A.

* Model Ais less dependent on air velocity.

* Model Ahas anegative coefficient fordependence
on gquotient of fullness, whereas model Bhas a
positive one.

The first two mentioned differences are not
unusual. The third however, a positive coefficient
for dependence on quotient of fullnessis not logical.
A reason for this outcome could be differencesin
the aerodynamics around the container bottom (4).
All seedling types in group B have arather large
butt-end area perpendicularto the container axis.
Furthermore Blockplant seedlings have an equally
thick container. As a result, eddies form at the
container end. Under certain condifions the eddies
are continuously shed alternately from different
sides of the container, causing the seedling to
wobble. The container would be flung from one side
ofthe hose to the other, resutting in a prolongation
ofthefeedtime,

Wobbling was observed visually during the studly,
and wobbling seedlings were counted. Wobbling
wasrare at 15m/s. At 20 or 25 m/s the percentage
of wobbling seedlings was clearly higher for group
B seedlings (10-75%) compared with group A
seedlings (ot most 15%). For several batches the
wobbline percentage was highest at 20 m/s, which
suggests that there is a maximum at some
intermediate air velocity. In any case, wobbling
could not be included in either of the two linear
models. Still wobbling may be animportant factor
responsible for differences in seedling behavior
between AandB.
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Finding the best class width for adaptation of the
chi-square distribution through optimization
requires a lot of calculations. The Freedman and
Diaconis formula provides a good start irespective
of whether the traditional exponent is changed
slightly. It is standard practice to use class widths
oftheform 1, 2 or 5times a power of 10. Direct use
of the formula gave 12 hits out of 30 batches. For all
except one ofthe other batches, class widths were
one step narrower. When 0.268 was used asthe
exponent instead of 0.333 the number of hitsreached
a maximum of 21. Three out of four misses in
seedling group A involved batches without @
matching chi-square distribution. The fourth was
due to double rounding.

Some practical problems were encountered during
the feedtests. Forinstance, some seedlings did not
stop the time measurement, especially at low
quotients of fullness, resulting in areduced num-
ber of observations.

At low guotients of fullness and low air speeds
some seedlings have feed timesthat are three or four
times the machine-cycle time. What should the
longest dllowable feed time be?

Some types of seediing containerstendto relecse
peat which moves ahead of the seediing and shuts
off the time measurement too early. Therefore it is
important 1o scrutinize raw data, especially the left
wing of the obtained distribution.

SUMMARY

Feed-fime distributions in pneumatic seedling-
feed equipment can be satisfactorily described by
chi-square distributions. For very fast seedling types
(Hiko) values smaller than =0.5-rshould be used.
Though butt-ended seedling types show anillogical
behavior, probably due to wobbling, theirfeed-time
distributions can also be obtained with the described
method. The proportion of late seedlings calculated
fromthe chi-square distributions agree rather well
with those observed within the range of interest.
Differences in behavior between seediing types led
to the development of two models for describing
the totalfeed time. These two models can be used
to simulate the productivity of planting machines
with pneumatic seedling-feed systems orto analyze
such systems in other ways.
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