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Abgract

In order to study the relationship between vacuity and structural and operational parameters of positive and negative pressure precision metering
devicefor rapeseed, dynamic analysis was conducted on sucking process to establish mathematical model of maximum vacuity H__, pressureratio
coefficient K of outlet and interface was put forward. Theinfluencefactors of K were studied through air current simulation of vacuum chamber with
ANSY S/ICFX. Simulation results show that the cone angle of the nozzle has a very significant effect on K, nozzle numbers of the seed disc and the
vacuity have no significant effect on K. K is 2 when the nozzle number of the seed disc and cone angle of the nozzleis 25 and 90° respectively, in this
case, H_ is-415Pawhen the speed of the seed disc is 18 r/min. Single factor experimental resultsindicate that the missindex islower than 4.36%
when the absolute vacuity is greater than 420 Pa, the eligible index reaches as high as 95.52% and the missindex is 2.25% when vacuity is-500 Pa,
which provesthat outlet vacuum cal culation model is correct. This research provides anew method for cal culating the vacuum value of the similar

metering device.
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Introduction

Precision planting is expected to place single seed in the soil

according to the desired plant spacing. Among precision seeders,
various types of pneumatic seeders are widely used for sowing
seeds of various plants such as rice, maize or rapeseed, because
they have the following advantages over mechanical seeders:

laxer requirements on the shape and size of the seeds, more precise
seed rates with lower rate of seed damage, better control and

adaptability, and a broader spectrum of applicability. There are
many parametersthat arerelativeto the performance of precision
seeders, such asthe structural parameters, the physical properties
of seeds and the soil conditions 3, problems always occur with
seed damage, misses and multiples. Normally, the structural and
operational parameters are considered to be the most important
factors in determining the maximum vacuity of a pneumatic

precision metering device.

In recent years, many researches have been conducted into the
performance of precision seedersin order to determinethedesign
and operational parameters. Karayel et al.* used some physical
properties of seedsto devel op mathematical model s of the optimum
vacuum pressure of aprecision vacuum seeder by laboratory tests,
the optimum vacuum pressure of the precision vacuum seeder of
maize, cotton, soybean, watermel on, melon, sugar beet and onion
was determined by the model. Singh et al. Sinvestigated the
performance of the seed-metering device of apneumatic planter
under laboratory and field conditionsto optimize the design and
operating parameters for cottonseed planting. They found that
the seed metering device produced superior results with a feed
index of 94.7% and a coefficient of variation in spacing of 8.6%
whentheplanter discwith a120° entry coneangleand the metering
system with aspeed of 0.42 m/sand avacuum pressure of 2 kPa;
Arzu and Adnan & optimized the seed spacing uniformity
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performance of aprecision seeder based on the central composite
design, they devel oped functionsin polynomial formto cal culate
the optimum level of each independent variable consideredinthe
study: Prasanna Kumar et al. “modelled the complex flow rate of
paddy rice grainsthrough the orifices on the circumference of the
horizontal rotating cylindrical drum of a hand tractor drawn or
self-propelled drum seeder using regression analysisand Artificial
Neura Network, the optimum drum configuration wasfound to be
the onewith 36 orificesof 6 mm diameter onitscircumferenceand
with the speed of rotation of drum 61 rpm using optimization
technique based on Fast Non-Dominated Sorting Genetic
Algorithm. Zhao et al. 8 investigated the performance of avacuum-
cylinder seeder for the precision sowing of rapeseeds, they
calculated the forces acting on the seeds in free flight using the
computational fluid dynamics (CFD) software Fluent and
numerically determined the seed motion, seedsfalling tragjectories
of different working parameters using the differential equation,
results of numerically computation and test-rig indicate good
agreement. Deng et al. ® obtained some optimal results on the
diameter of the nozzle, the nozzle number of thedisc, theradius of
orificeand the peripheral speed of the seed disc by analysisof the
sucking-seed process of the nozzle of a pneumatic rapeseed
metering device and introducing an approximate model on the
pressure difference of the nozzle. The theoretical results were
verified by some experimental results. These studieswere mostly
carried out through combining empirical methodswith experimental
methods by many researchers. Examples of the application of
theoretical model that definesthe rel ationship between the vacuity
and design and operational parameters of the pneumatic precision
metering deviceintheliterature arelimited.

The objective of this study was to provide a new method for
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cal culating the vacuum pressure of pneumatic precision metering
device. Thethree-dimensional dynamic analysis was conducted
on sucking process to obtain the relationship between vacuity

and structural and operational parametersof positive and negative
pressure precision metering device for rapeseed. To study the
influence factors of the pressure ratio coefficient K of outlet and
interface, theairflow field in the vacuum chamber was simul ated
with ANSY S/ICFX. The theoretical results were verified by

experimental results.

Materialsand M ethods

Experimental test-rig: The precision seed-metering device used
in our research was a positive and negative pressure precision
metering device for rapeseed consisting of avertically operating
plate, an air chamber, a seed box, a seed outlet, a sprocket and
removable shield. The schematic diagram of the pneumatic

precision seeder isshowninFig. 1. Theair chamber wassplitinto
two parts by two baffles, one working as a vacuum pump the
other asablower. Inthisway, at the end of the negative pressure
outlet hole there was a vacuum and at the end of the positive
pressure inlet hole there was a positive pressure. The disc was
mounted to the air chamber. Seeds from the seed box entered to
the seed reservoir where vacuum created by afan held the seeds
in the seed cells on the rotating seed plate. With the rotation of
the disc, the cells reached the positive pressure zone, the seeds
fell into the seed outlet under theforces of gravity and the positive
differential pressure, and then seeds fell onto a greased belt.

Sufficient oil wasrequired on the belt surfaceto capture the seed
withminimum rolling or bouncing.

The sticky belt test-rig used in our researchisshownin Fig. 2.
The seeder with 25 cells on the seed plate was mounted on the
greased belt as closdly as possibleto eliminate the seed bouncing
and rolling. The air compressor provided negative and positive
pressure for the seed metering device. The CCD automatic
detection instrument tested the performanceindices of the seeder.
The U-tube manometer measured pressure difference. The speed
of the grease belt was set to 2.1 km/h; the rotation speed of the
disc was set to 18 rpm, then the seed spacing on the belt was
77.78 mm. Because rapeseed is light, an appropriate positive
differential pressure 100 Pawas enough to makethe seed rel ease
from nozzle smoothly.

Thephysical properties of the seeds are very important factors
in determining the working parameters. In this study, the main
dimensions, sphericity and onethousand kernel mass of rapeseeds

Figure 1. Schematic diagram of the positive and negative pressure precision
metering device: 1. Seed unloading piece; 2. Seed box; 3. Seed outlet; 4.
Removable shield; 5. Seed plate; 6. Air chamber; 7. Sprocket; 8. Positive
pressure inlet hole; 9. Vacuum cavity; 10. Positive pressure cavity; 11.
Conical nozzle; 12. Negative pressure outlet hole.
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aregivenin Table 1. Dimensionswere measured from 100 samples
of randomly sel ected rapeseeds using acalliper with asensitivity
of 0.01 mm. The seed mass was measured by the digital balance
with asensitivity of 0.01g.

Dynamic analysisof thesucking process. Therearemany factors

that contribute to the sucking process. The following

simplifications and assumptions are made for dynamic analysis of

the sucking process:

1. Seedsare spherical rigid body with uniform size, and external
forces are on the centre of mass.

2. The seed plate maintainsuniform rotation.

3. Each cell only carries one seed.

4. Seeds separation process only takes place on the surface of the
seed group.

5. Seeds keep relatively static with the disc after it is sucked into
thecell of thedisc.

6. Sliding and rolling friction between the seeds and disc are
ignored.

Thethree-dimensional forces analysis of rapeseed for sucking
process is shown in Fig. 3a. Natural coordinate system is
established with the centre of the rapeseed as coordinate origin,
thedirection of linear velocity of thedisc astangential direction,
thedirection from the centre of the seed pointing to the axle centre
of seed plate axis as main normal direction, the direction
perpendicular to the surface of the seed plateashinormal direction.
Balance equations of the three-dimensional forces analysis of
rapeseed for sucking process are asfollows:

> F,=0 N,-Gsin0=0
> F,=0 N,-Gcos6-F,=0 1)
> F=0 N -F=0

G=mg F=mwR 0=7, @

where, N, N, and N, arebinding forces of thetangent, mainnormal,
and binormal direction, respectively inN; Gisgravity of asingle
rapeseed in N; F_issuction force on the projected areaof the seed
inN; F, |smert|al force of themain normal directionin N; misthe
massotJ asinglerapeseedinkg; 0|stheanglebetween thedirection
of gravity and main normal in °; gisgravitational accelerationin
m/s%;, wisangular velocity of the seed platerad/s; R, istheradius
of orificeinm and nisrotational speed of the seed platein r/min.
Constraint force of the nozzle acting on the rapeseed is shown in

Figure 2. Laboratory test-rig of positive and negative pressure precision
metering device: 1. CCD automatic detection instrument; 2. U-tube
manometer; 3. Positive and negative pressure precision metering device; 4.
HG-260 Air compressor; 5. JPS-12 metering device test-rig.
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Table 1. Physical characteristics of rapeseed.

Physical properties Mean Standard error
Length /, mm 1.96 0.132
Width w, mm 1.90 0.125
Thickness z, mm 1.84 0.133
Sphericity, % * 96.75 2.744

One thousand kernel mass, g 3.96 —
G U3

*Calculated as (L

x100%

Figure 3. Force schematic diagram of rapeseed in sucking phase. (a)
Three-dimensional forces acting on a seed held in a conical nozzle of
vacuum precision seeder and (b) constraint force decomposition: i, j
and k are tangent, main normal and binormal direction of natural
coordinate system, respectively; N, N, and N, are binding forces of
the tangent, main normal and binormal direction, respectively; G:
Gravity of a single rapeseed; F_: Suction force on the projected area of
the seed; F,: Inertial force of the main normal direction; N;: Resultant
force of N, and N;; N: Resultant force of N, N,and N,; D: Diameter of
the rapee%d o Cone angle of the nozzIe . Angular velocity of the
disc; R;: Radius of orifice; 6: Angle between the direction of gravity

and main normal; d: Diameter of the nozzle.

Fig. 3b. Nisresultant forceof N, N.and N,; N, isresultant force of
N, and N. The relationship between the component forces and
the resultant forcesisasfollows

N, =N/ +N} 3

N, = N, tan (o/2) @)

where « is the cone angle of the nozzle in °, the range of «is
0°<a<2arccos (d/D), disdiameter of thenozzleinmand D isthe
diameter of therapeseedinm.

From Eq. 1 to 4, the critical condition of suction force on the
projected area of the seed satisfies the following equation:

B , o'n’ 5)
F=m + R R, +2gcosd) tan(a/2 (
) \/g 900 (900 g cos0) tan(a/2)

wherethe suction forceisproduced by the vacuity at theinterface
of rapeseed and nozzle; then, we have that:

F.=PS (6)
S= %EDZ cos?(a2) )

where Pisabsolute vacuity at theinterface of rapeseed and nozzle
in Pa and Sis the interface area of the rapeseed and nozzle. It
followsfrom Eq. 5to 7 that:
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2

”2
4 R R, +2gcos0) tan(ar/2 (8)
. m\/ 900 (900 g cos0) tan(a/2)

7D’ cos®(a/2)
Becausethevacuity at theinterfaceisdifficult to measure, usually
the vacuity H of the outlet is measured, the rel ationship between
HandPisgivenas:

H=-KP ©)
where K isthe pressure ratio of outlet and interface.

Eq. 9isthevacuum cal culating formulaunder ideal conditions. In
practical work, the reliability coefficient K, of seeds from

adsorption zoneto unloading zone, thereliability coefficient K, of
nozzlemovement, the affective coefficient K, of external conditions
should be considered; then, the critical vacuum pressure is as
follows

H,,, = KK KKP (10)

whereK and K, is2, whileK,is1.8%.

From Eq. 8t0 10, thecritical vacuum pressure satisfiesthefollowing
equation:

H,,, = —4KK K,K,m tan(c/2)

, m'n’
\/g i 900 R 900
7D* cos (a/ 2)

Air current smulation of vacuum chamber: From the critica
vacuum pressure (Eq. 11), the pressure ratio K of outlet and
interface exists between the outl et and theinterface. A ot of factors
could influence the K, such as seed characteristics, structure
parametersof theair chamber and disc, the outlet vacuity, rotational
speed of thedisc and so on. After the seed variety and parameters
of the air chamber are determined, we can study how the nozzle
number of the disc, the cone angle of the nozzle and the outlet
vacuity affect the K though air current simulation of vacuum
chamber.

With the improvement of computing speed and accuracy,
computational fluid dynamics(CFD) techniques have been widely
used for decadesto predict fluid flows. Here, in order to predict
the air current field of the chamber, it was assumed that the air
chamber and the disc were combined together. The three-
dimensional finite geometry and grid model of air chamber
constructed under Fluid Flow (CFX) analysis system of ANSY S
Workbench platform (version 12.1, ANSY Sinc., PA, USA) was
shown in Fig. 4a. The outlet hole face and the nozzle faceswere
defined as out face and in faces respectively. The boundary
conditions are shown in Fig. 4b. The out face and in faces were
defined asoutlet and inlet boundary typerespectively, the pressure
difference of thein faceswasgiven as0 Pa. The other faceswere
defined aswall. The Navier-Stokes equations were solved using
the standard k-¢ turbulence model. The maximum iterationswere
set as 100, physical timescalewasgiven as2 sand residual target
was set as 10“. The smulation plan and calculation results are

(11)
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Figure 4. Model of negative pressure zone. Meshing (a) and boundary conditions (b).

showninFig. 5and Table2.

Verification experiment: Accordingto Table 1, therapeseed could
be assumed as sphere, the average size 1.90 mm of length, width
and thickness was given asthe diameter. On the basis of Table 2,
the average value of K was 2.02 when the cone angle of nozzle
was 90°. Put the structure and operating parametersin Table 3
into Eq. 11, the H__ was calculated as -415 Pa. To validate the
results of dynamic analysis and air current simulation, JPS-12
metering devicetest-rig wasused to test the eligible, multipleand
missindex. Because the accuracy of the U-tube manometer is 20
Pa, the negative pressure differences were sel ected as-180, -260,
-340, -420, -500, -580, -660 Pa. In order to eliminate the effect of

Table 2. Simulation plan and results of negative pressure zone.

individual seed sizes on seed spacing, verification
experimentswererepeated 5 timesfor each parameter.
Theeligible, multipleand missindexes of the metering
device under given condition are shownin Fig. 6.

Resultsand Discussion

It can be seen in Fig. 6 that the igible index first
increases and then decreases with increasing absol ute
vacuity, whilethe missindex decreaseswith increasing
absolute vacuity. When the absol ute vacuity issmaller
than 415 Pa, the miss index is greater than 4.36%;

otherwise, themissindex issmaller than 4.36%. When
the vacuity is -500 Pa, the digible index reaches as
high as95.52%, themissindex is2.25%. Themultipleindex increases
and the eligibleindex decreases with increasing absol ute vacuity
when the absolute vacuity isgreater than 500 Pa. That isbecause
when the absolute vacuity issmaller than absol ute critical vacuity,
the sucking force is not enough to carry a seed, which leadsto a
high miss index. When the absolute vacuity is greater than

absolute critical vacuity within acertain range, the digibleindex
will increase with increasing absol ute vacuity, the multiple and
missindex will decrease with increasing absol ute vacuity. Multiple
seeds might be sucked into one nozzle when the absol ute vacuity
istoo large, themultipleindex will increase, and thenthe eligible
index will decrease. Theresults of the verification experiment are
basically the same as the calculated results of the theoretical

Nozzle numbers of the disc

Cone 25 35 45
angle, ° Outlet Interface Outlet Interface Outlet Interface K
vacuity, Pa  vacuity, Pa vacuity, Pa  vacuity, Pa vacuity, Pa  vacuity, Pa
-3000 -585.94 5.12 -3000 -575.82 5.21 -3000 -578.03 5.19
-1000 -189.75 5.27 -1000 -186.57 5.36 -1000 -187.27 5.34
60 -660 -124.29 5.31 -660 -122.22 5.4 -660 -122.91 5.37
-420 -79.55 5.28 -420 -71.35 5.43 -420 -77.06 5.45
-180 -32.97 5.46 -180 -32.14 5.60 -180 -32.43 5.55
-3000 -1507.54 1.99 -3000 -1515.15 1.98 -3000 -1492.54 2.01
-1000 -505.05 1.98 -1000 -497.51 2.01 -1000 -492.61 2.03
90 -660 -328.36 2.01 -660 -325.12 2.03 -660 -325.12 2.03
-420 -210.00 2.00 -420 -205.88 2.04 -420 -204.88 2.05
-180 -88.24 2.04 -180 -87.38 2.06 -180 -86.54 2.08
-3000 -1960.78 1.53 -3000 -1935.48 1.55 -3000 -1923.08 1.56
-1000 -653.59 1.53 -1000 -641.03 1.56 -1000 -641.03 1.56
120 -660 -431.37 1.53 -660 -420.38 1.57 -660 -368.72 1.79
-420 -269.23 1.56 -420 -265.82 1.58 -420 -234.64 1.79
-112.50 1.60 -180 -113.21 1.59

-180 -114.65 1.57 -180

-2.118e+002

-2.571e+002 -5.539e+002

-7.062e+002

fe

~3.0056+002 o o ) J
[Pal 1 (Pa]

=6-192e+00: ]

0.0005 [Pa] 0001

) p -7.743e+002 )

Figure 5. Air current on the interface of seed and nozzle when the outlet pressure difference is 1000 Pa. (a) 60° cone angle, (b) 90° cone angle, (c) 120° cone

angle.
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Table 3. Value of structure and operating parameters of
themetering device.

Table4. Variance analysis of smulation data.

Factor F Sig.
Parameter Value Parameter Value Cone angle 3631 0.000
K 2.02 Rg, m 5.75%1072 Nozzle numbers 3.937 0.107
n, rpm 18 D, m 1.90x103 Vacuity 2.355 0.138
m, kg 3.96x107° a, ° 90
@ () withtheconeangle o, theradiusR of orifice, the
100 1 _,_Multiple _Miss rotational speed n of the seed plate, the mass mof
95 35 ¢ index index

90 1
8 1
80
75 1
70
65 7
60 T
55

Eligibleindex, %

Multipleand missindex, %

asinglerapeseed, thediameter D of the rapeseed,
and the pressure ratio K of outlet and interface.
(2) The cone angle hasasignificant effect onthe
K, but the number of the nozzle hasno significant
effect ontheK. K are5.36, 2.02, and 1.56 whenthe
nozzle with cone angle of 60°, 90°, 120°,

0

-180 -260 -340 -420 -500 -580 -660

Vacuity, Pa Vacuity, Pa

Figure 6. Laboratory test results of different performance indices (level of significance, 1%).

(a) Eligible index; (b) Multiple and miss index.

analysis. This verifies the dynamic analysis results and the air
current simulation of the vacuum air chamber.

According to Eq. 11 of the dynamic analysis results, H__ is
increasing function with respect to m, n, R, and o respectively,
and decreasing function with respect to D. In practical work, the
seed israpeseed, themand D isdetermined, the greater R,orn is,
the bigger centrifugal force becomes, sothelarger H__ isneeded;
the crisgreater, theinterface areaof the seed and nozzleissmaller,
sothe bigger H__ isrequired. The dynamic analysis results and
the practical work are consistent.

For theair current simulation of the air chamber, the result data
wasentered into statistical analysis software SPSSfor multivariate
variance analysiswith cone angle asfixed factor, nozzle numbers
and vacuity ascovariate. Thevariance analysisresultsare shown
inTable4. Itisclear that the cone angle hasasignificant effect on
the K, but nozzle numbers and vacuity have no significant effect
ontheK. It can be seen from the Table 2 that the K increaseswith
increase of theconeangle o.. Thegreater azis, thesmaller interface
area of the seed and nozzle is, the further distance between the
interface and the nozzle outer face is, thus the vacuity of the
interfaceisgreater, so the K issmaller according to the definition
of K. In order to reduce power consumption, the smaller K is
needed, then the greater K is, the better it will be. However, itis
easily known from Eq. 5 that the critica suction force F_ is
increasing function with respect to o.. In practical terms, thesmaller
F.isrequired. So, the smaller ais, the better it will be. From the
analysisabove, it can be drawn that thereisacertain cone angleo
to keep the balance between K and Fs the optimum performance
of the metering devicein achieving cone angle 90° isapposite. It
isclear that the ANSY S/ICFX isavery feasible and useful tool for
air current simulation.

Conclusions

This study intended to obtain the vacuum mathematical model of
positive and negative pressure precision metering device for
rapeseed by dynamic analysis on sucking process and simulating
theair current of the vacuum air chamber. The cal culation results
of the vacuum mathematical model werevalidated by experiment.

The following results were obtained: (1) The critical vacuum
pressureH__ of the pneumatic precision metering deviceisrelated
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-180 -260 -340 -420 -500 -580 -660

respectively. K increases with increasing cone
angle. (3) H_, is-415Pawhen therotational speed
nis18r/min, thenozzlenumber is25, otis90°, and
K is 2. Sticky belt test indicates that when the
absolute vacuity is greater than 415 Pa, the miss
index islessthan 4.36%, which verified the dynamic analysisresults
andtheair current simulation of the vacuum air chamber.
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