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Abstract

Aim of study: Selecting a proper fan for the rice combine harvesters to get a good cleaning performance when harvesting high yield rice.

Area of study: Jiangsu Province, China.

Material and methods: Three potential multi-duct fans were designed, and the computational fluid dynamics and hot wire anemometer
technology were utilized to learn the airflow and pressure variation inside the fan with perforated plates at the outlet ducts as cleaning loads.
Then, the fan with the best performance was selected and a multi-duct cleaning test-bed was developed. The variation of the corresponding
airflow velocity in the cleaning system was analyzed and the ideal airflow velocity in different section of the sieve was clarified. Finally, a
field experiment was carried out.

Main results: For a rice combine harvester with a feed rate of 7 kg/s (material other than grain + grain), the requested airflow rates inside
the cleaning shoe was about 3.0 m3/s. The ideal airflow velocity in different section of the cleaning shoe was 8-9 m/s at upper duct, 4-6
m/s at the middle section, and 3-4 m/s at the tail section; large improvement in cleaning performance was achieved with the designed fan.

Research highlights: The airflow velocity decreased as the cleaning loads at the duct increased. The fan with the averaged airflow velo-
city >7 m/s at the upper duct under different cleaning loads, and the airflow velocity at the lowest duct > 9 m/s, is favorable for forming a
blowing airflow in the tail sieve and is good for grain stratification.
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Introduction of total crop planting area in China and the average rice
yield climbs to 11250 kg/ha per harvesting (Yuan, 2017).

It is reported that the super rice planting area has risen ~ However, the currently used combine harvesters in China

to 9.067 million ha, accounts for approximately one-third ~ were designed according to rice with a yield <9000 kg/ha,
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and field experiment results indicated that those combine
harvesters have poor cleaning performance when harves-
ting high yield rice (Li & Li, 2015). Thus, it is necessary
to upgrade the cleaning section of the combine harvester
to adapt it to high moisture and high yield conditions. Re-
levant research on cleaning structural improvement has
been carried out: using Particle Image Velocimetry (PIV)
system to analyze the airflow distribution in the cleaning
system (Kenney et al., 2005); connecting the aerofoil and
centrifugal blades together and expecting to suit for the
threshed outputs distribution (Tang et al., 2007). The tra-
jectories of the threshed soybean grains in the classifier
chamber were recorded by a high-speed camera to inves-
tigate the effect of grain movement on cleaning perfor-
mance (Adewumi ef al., 2008). A conical centrifugal fan
was designed to adjust threshed output initial distribution
on the sieve surface, and the cleaning performance was
improved significantly in the transversal axis-flow com-
bine harvester (Chen et al., 2009). To make clear airflow
turbulent flow characteristics and its passage through the
grains, the cleaning airflow velocity was measured by
PIV and Laser Doppler Velocimetry (Ueka et al., 2012).
A high power centrifugal fan with six blades was utilized
in TC5060 axial-flow combine harvesters (New Holland),
and field experiment results indicated that the cleaning
system could spread the threshed outputs promptly, and
the cleaning performance was improved with a stron-
ger airflow power (Wu, 2014). On the other hand, two
single-duct centrifugal fans were utilized in YANMAR
YHS880 series combine harvesters. Some multi-duct fans
also has been used in some flagship combine harvesters,
such as Gleaner S8 combine harvester.

From these experiments, it can be learnt that the deve-
lopment of the harvesting machinery mainly follows the
structural design, field test validation and structure opti-
mization. Apparently, such a method is seriously affec-
ted by the harvesting seasons, the development cycle is
generally long and seriously hinders the rapid progress
in industry technology. With the development of the com-
putation science, the agriculture machinery development
cycles has been shortened significantly (Zhao et al., 2018;
An et al., 2020), as the airflow velocity measurements
only provide limited information and would have to be
repeated for every new configuration of the cleaning sec-
tion, computational fluid dynamics (CFD) simulations
has been widely used for cleaning system structural op-
timization in the past years (Dilin et al., 1998; Muggli et
al., 2002; Kenney et al., 2005; Kergourlay et al., 2006;
Gebrehiwot et al., 2010a; Casarsa & Giannattasio, 2011;
Xu et al., 2015). However, most of this structural optimi-
zation use CFD simulation without taking cleaning loads
into consideration. In this paper, a proper cleaning system
for a rice combine harvester with a feed rate of 7 kg/s
was developed by considering effect of cleaning loads on
airflow distribution.
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Material and methods
Fan geometric models under consideration

The total airflow rate ¥ (m?/s) generated by a fan is an
important performance criterion. The total airflow volume
rate V is determined by the amount of material other than
grain (MOG) in the threshed output and can be calculated
by the following equation (Chinese Academy of Agricul-
tural Mechanization Sciences, 2007):

y B2
Hp

where f is the ratio of the MOG in the total threshed ou-
tputs (typically 10%-15%), Q is the feed rate (Grain +
MOG) in kg/s, p is the airflow density (1.225 kg/m) and
1 is 0.2-0.3.

For a combine harvester with a feed rate of 7 kg/s, the
requested airflow rates inside the cleaning shoe can be
calculated by Eq. (1) with f=14%, p=1.225, u=0.25. This
indicates that under these assumptions, an airflow rate of
3.0 m%/s is required for good cleaning performance. To
analyze the effect of the flow channel shape of the upper
outlet on the inner flow field distribution, three models
with different ¢, R;, L and H were developed based on
an existing single-duct fan (Li & Li, 2015). Apart from
compression stroke ¢, horizontal dimension L, and verti-
cal dimension H, all three fans have the same number of
blades and internal diameter. For Fan I: ¢p=89°, L=27.1
mm, H=205.8 mm, and R;=208.7 mm; for Fan II: ¢=97°,
L=27.1 mm, H=205.8 mm, and Rs=232.5 mm; Fan III:
p=121°, L=129.8 mm, H=164.5 mm, and R;=232.5 mm.
The geometry of the designed fan is shown in Fig. 1.

(M

Figure 1. Schematic diagram of the multi-duct fan: 1, 2, 3 and
4, ducts 1, 2, 3 and 4, respectively; 5 and 6, guide plates I, and
II, respectively.
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CFD simulation and results validation

A literature review has indicated that the resistance
value of a cleaning load at fan outlets can be calcula-
ted from the deduced fluidized grain resistance model
and the airflow resistance model (Molenda et al., 2005;
Gebrehiwot, 2010; Liang et al., 2020). Perforated pla-
tes with different circular hole layouts were designed
and placed on fan outlets to represent cleaning loads.
The perforated plates were set as porous media, and the
porous coefficients for different working loads were ac-
quired by wind tunnel setup experiments (Gebrehiwot et
al., 2010b). ICEM-CFD 15 software (ANSYS Inc, Ca-
nonsburg, PA, USA) was utilized as the grid generation
tool, and the grid numbers for different parts in the fan
models are listed in Table 1. It is indicated that steady
calculations for fan rotation can cause significant cal-
culation errors (Xu et al., 2015), and compared with the
multiple reference frame (MRF) and the mixing plane
model, the sliding mesh method assumes that the flow
field is unsteady, and the flow field variation in both time
and space, specifically in the circumferential direction,
is fully considered in the transient sliding mesh me-
thodology (Dieter et al., 2005). Therefore, in this work
the blade-volute interaction was modeled by the sliding
mesh technique (Seo et al., 2003). In the calculation, the
blade domain was defined as a moving zone, while the
volute and inlets were defined as stationary zones. The
operating pressure was set to 101,325 Pa. The rotatio-
nal speed of the fan blades was 1300 rpm, the boundary
condition for the inlets was set as a pressure inlet of 0
Pa, while the lower outlet was set as a pressure outlet
of 0 Pa, and the time step was 2.56x10* s (Sakya et
al., 1993; Semion et al., 2003; Gao et al., 2018). Apart
from Newton’s equation and Naiver-Stokes equations,
the realizable k-¢ turbulence model was used in the CFD
simulation to calculate the mean flow characteristics for
turbulent flow conditions and describe the turbulent pro-
perties inside the fan. Meanwhile, in selecting the least

Table 1. Grid number for different parts in different fan models

Number of grid
Location
Model 1 Model 11 Model 111
Volute 6586644 4753042 10384728
Inlet zone 64908 64908 64908
Blade zone 4096540 4096540 4096540
Outlet 1 178332 178332 178332
Outlet 2 182584 182584 182584
Outlet 3 157228 157228 157228
Outlet 4 132671 132671 132671
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squares cell-based gradient as the gradient discretization
method, the second-order upwind scheme was adopted
as the momentum equation, the second-order upwind
scheme was adopted to calculate the turbulent dissipa-
tion rate, the second-order upwind scheme was adop-
ted as the turbulent kinetics, and the first-order implicit
scheme was used to calculate the transient formulation
(Zhang et al., 2018). The major concern with multi-duct
fans is the required air distribution for different ducts.
Apart from the evenly distributed airflow velocity at the
ducts, a good fan should also be able to push the airflow
passing the fan ducts with a reasonable air flow ratio,
which means that the total pressure-volume curve for the
best fan should have a steep slope. A fan outlet airflow
velocity measurement system were developed to valida-
te the simulation results, as shown in Fig. 2.

With the selected fan, a cleaning test bed was develo-
ped, and the cleaning experiment was conducted in the
cleaning test bed. Meanwhile, the corresponding airflow
velocities were measured by the VS110 anemometer in
the cleaning section. The measurement point distribution
is shown in Fig. 3, and the distance of each measurement
point was 180 mm.

Finally, field experiments were conducted in Wujiang,
Suzhou city, China. The combined harvester advance ve-
locity was 1-1.2 m/s to guarantee a feed rate of 7 kg/s
(Grain + MOG). The method used to evaluate the overall
harvesting performance can be found in our previous
publication (Liang et al., 2019). The properties of the
harvested rice were as follows: the average spike length
was 14-16 mm; the average yield, 11150.6 kg/ha; thou-
sand seed mass, 27~31g; average straw moisture content,
72.3%; average grain moisture content, 25.1%; average
MOG/Grain ratio, 2.24.

Results and discussion

CFD simulation result validation by airflow
velocity measurement

The equivalent cleaning resistance is 0.16-3.52 for the
upper outlet and 0.95-6.10 for the lower outlet in the case
of a cleaning system with feeding rates of 0-4 kg/s based
on the deduced fluidized grain resistance model and the
airflow resistance model (Molenda et al., 2005; Gebre-
hiwot, 2010; Liang et al., 2020). A comparison of the si-
mulated and measured airflow velocities with resistances
of 0 and 2.19 at the ducts is shown in Fig. 4. In Fig. 4,
the range of the root mean square errors (RMSEs) of the
measured and simulated airflow velocity was distributed
from 0.12 to 0.46 m/s. It is indicated in Fig. 4 that the
distance between the measurement results and the simu-
lated airflow velocities was < 15% at the four ducts, and
the error was much greater at certain points near the duct
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Figure 2. 1, control cabinet; 2, motor; 3, fan; 4, perforated plates at upper duct; 5, perforated plates

at lower duct.

sides. Such an error of magnitude is considered good, as
the airflow anemometer can only obtain airflow veloci-
ty values in one dimension at each measurement point,
and it is difficult to determine the airflow direction inside
the cleaning shoe with the airflow anemometer. This is
one of the sources of the measurement error. On the other
hand, there are some errors in the manufacturing process;
for example, the fan volute was based on the Archimedes
spiral, and the volute was composed of four arcs with ra-
dii R|, R,, R; and R,. The compression stroke may not be
as accurate in the manufacturing process as in the CFD
simulation, resulting in a calculation error. Compared
with the simulation results reported by Gebrehiwot et al.
(2010a), in which the distance between the measured and

the simulated value is within + 25%, errors < 15% can be
considered acceptable.

In Fig. 4a, as there is a larger resistance during airflow
transport from duct 4 to the tail sieve, the airflow velo-
city was generally < 12 m/s at duct 4 of Fan I, and the
airflow always diffused to places with a lower resistance
after leaving the fan ducts. The airflow from duct 4 may
not be sufficient for the tail sieve after continuous attenua-
tion. In this case, the short straw in the tail sieve section
would enter the tail auger, thus negatively affecting the
cleaning efficiency. Fig. 4b shows that the airflow velocity
from duct 4 of Fan II was in a range of 15-17 m/s, and
the airflow velocity was distributed in the range of 10-13
m/s from duct 1. The airflow velocity distribution was

T

Figure 3. Airflow velocity measurement distribution in the cleaning test-bench.
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Figure 4. Measured and simulated airflow velocity at ducts with the corresponding guide plate I angle 29°, guide

plate I angle 27°and fan speed 1300 rpm.

generally more balanced at all the ducts of Fan II. Fig. 4¢c
shows that for Fan III, the airflow velocity from duct 4
experiences a large fluctuation in the center of the duct in
the traverse direction, which is not beneficial to cleaning.
Figs. 4d,e,f indicate that the airflow velocity decreased as
the cleaning load at the duct increased. In conclusion, Fan
I can be expected to achieve good cleaning performance.

Variation of airflow inside the fans under

different cleaning load
Fan 1. Fig. 5a shows that the airflow inside the fan

volute is sucked into the volute casing along the fan axis
direction, and the inhaled air flows along the circumfe-
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rential direction gradually during the fan blade rotation.
The airflow velocity increases in the blade radial direc-
tion, and the maximum value is reached at the outer circle
of the fan blades. As the fan blades rotate from the vo-
lute tongue (point A) to point B, the cross-sectional area
gradually decreases, the partial kinetic energy of the fan
blade is converted into airflow kinetic energy, the airflow
velocity increases gradually, and part of the airflow is
diverted into the upper duct in this process. As the fan
blade keeps moving to point B, the airflow velocity in-
creases dramatically as the cross-section decreases. After
the blades pass through point B and the cross-section in-
creases gradually, the radial resistance from the volute ca-
sing weakens, and the airflow velocity increases further.
The air flows along the volute casing line and is guided to

December 2020 * Volume 18 « Issue 4 « ¢0209
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s > %
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Figure S. Velocity vector plot under different cleaning load inside the fan

the end of the spiral casing line. The airflow is routed into
the three ducts in the lower outlet by guide plates. There
are some eddy currents present in the lower edge of duct
2 and duct 3, which result in some energy loss. As the
load increases (higher resistance values), the eddy scope
and the airflow velocity inside the fan gradually decrease,
resulting in a reduced airflow velocity at each duct.

Fig. 6a indicates that the cleaning load has a significant
effect on the airflow velocity distribution at ducts 2 and 3.
The minimum value is only 5.3 m/s, resulting in a rela-
tively small airflow velocity in the middle sieve section,
where the MOG could not be effectively separated from
the grains. The airflow velocity at duct 4 is also lower
under different cleaning loads, and the MOG can enter the
tailing auger and affect cleaning efficiency. The airflow
velocity is uniform at the ducts and also affects the clea-
ning performance. From the velocity distribution contour
plots at the Fan I ducts, there is an even distribution of
airflow velocity magnitude in the width direction of duct
2 and duct 3, while the airflow velocity at duct 1 and duct
4 experiences a notable fluctuation in the width direction.

Fan II. A velocity vector plot inside the fan under
different cleaning loads for Fan II is shown in Fig. 5b and
indicates that the velocity has increased for the airflow

Spanish Journal of Agricultural Research

from duct 1 of Fan II compared with duct 1 of Fan I. The
airflow flow is smooth, and the airflow velocity is ideal
at the ducts. There is also no eddy at the ducts, which
is helpful for obtaining good cleaning performance. The
variation of airflow status in the ducts under different
cleaning loads for Fan II shown in Fig. 6b indicates that
there is a slight difference in terms of airflow volume for
ducts 1, 2, and 3, and the greatest airflow volume occurs at
duct 4. The cleaning load has little influence on the airflow
velocity of duct 1. The averaged airflow velocity is >7 m/s
at duct 1 under different cleaning loads, which is benefi-
cial for pre-cleaning, and the airflow velocity at duct 4 is
> 9 m/s, which is favorable for forming a blowing airflow
in the tail sieve. The airflow contour plots indicate that the
airflow from duct 1 is more evenly distributed, which is
good for grain stratification.

Fan III. The internal airflow velocity plot of Fan III
shown in Fig. 5c indicates that the internal airflow ve-
locity is higher, and the airflow volume at duct 4 decli-
ned notably as the working load increased. As the airflow
from duct 4 mainly covers the middle and rear parts of
the cleaning sieve, a small airflow volume leads to a
larger portion of short straw falling into the grain au-
ger. Meanwhile, the probability of short straws entering

December 2020 * Volume 18 « Issue 4 « ¢0209
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Figure 6. Variation of airflow velocity at the fan ducts

the tail auger increases. Fig. 6¢ shows the variation of air-
flow volume rates in ducts under different cleaning loads
for Fan II. The airflow velocity and the airflow volume
rates at the ducts decrease with increasing cleaning load,
and the airflow volume rate decrease when ducts with an
equivalent resistance of 0-2.9 are larger than ducts with an
equivalent resistance of 2.9-6.67. The cleaning load has
the greatest effect on the airflow velocity at ducts 3 and 4,
and the minimum airflow velocity is only approximately
3 m/s, which is close to the suspension velocity of short
straws, and the short straw will enter the tailing auger and
affect cleaning efficiency. From the velocity contour plots
at the ducts of Fan III, we can see that there is an even dis-
tribution of airflow velocity at ducts with a zero cleaning
load. With increasing cleaning load, the airflow velocity
value along the duct width is not even, and the airflow ve-
locity on the left side of the duct is higher than that on the
right side, which is not conducive to forming a reasonable
airflow field in the cleaning shoe. Therefore, Fan IlII is not
suitable for high cleaning load conditions.

Comparison of airflow volume at ducts under
different cleaning loads

The airflow volume rates in the ducts of the different
fans are shown in Fig. 7 for the different equivalent cle-

Spanish Journal of Agricultural Research

aning loads. Fig. 7d shows that Fan II generates the lar-
gest airflow volume rate, while Fan I is the smallest for
an equivalent cleaning load of 6.67. Compared to Fan II,
the airflow volume in duct 4 of Fan I and Fan III is re-
latively small, which is not good for forming an upward
airflow at the tail sieve to separate the short straw ins-
tantly. Therefore, Fan I and Fan III are not suitable for
high cleaning load occasions. However, the airflow vo-
lume rate in duct 3 of Fan II is smaller at higher cleaning
load conditions, which is not conducive to rapid grain
dispersion and penetration in the sieve middle section,
and the probability of straws entering the grain auger is
increased. To obtain a better cleaning performance under
high cleaning load conditions, the fan speed should be
increased to upgrade the airflow velocity from duct 1;
thus, the initial grain dropping points can be located in
the airflow covering area from duct 2, and the sieve ope-
ning can be reduced moderately. Meanwhile, a backward
airflow is formed, and short straws are removed quickly
under acceleration of the airflow from duct 4. From the
airflow volume rates in the different ducts with equi-
valent cleaning loads in the 0-2.9 range, Figs. 7a,b,c
show that the airflow volume rate increases gradually
as the cleaning load decreases. Moreover, Fan I shows
the largest increase in the airflow volume rate. In addi-
tion, the airflow distribution in ducts 1, 2 and 3 of Fan II
is more balanced.

December 2020 * Volume 18 « Issue 4 « ¢0209
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Figure 7. Variation of the airflow volume at fan ducts with a guide plate I angle of 29°, guide plate II angle of 27°,

fan revolution speed of 1300 rpm different cleaning loads

Effect of volute casing structure on pressure
characteristics

From the general fan pressure characteristic curves
of the three fans through the CFD simulation shown in
Fig. 8, Fan I fulfills the requirement for a steep pressu-
re characteristic at each duct. However, the total airflow
rate is only 2.2 m?/s, which is lower than the target rate
of 3.0 m%/s. The total airflow volume rate for Fan III is
only 2.61 m*/s. Moreover, although there is a good pres-
sure performance exhibited in ducts 1, 2 and 3, the airflow
volume rate at duct 4 decreases greatly with increasing
loading. The total airflow volume rate generated by Fan
IT is 2.92 m’/s, which is very close to the target value.
Moreover, Fan II exhibits good pressure characteristics at
different cleaning loads for all 4 ducts. In conclusion, Fan
IT is the most suitable for implementation in the cleaning
part of the combine harvester.

Comparison of total pressure at ducts for
different loads

Pressure contour plots of fans at different loads are

shown in Fig. 9. With the increase of the cleaning loads at
the ducts of Fan II, the total pressure increased accordin-
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gly; this is beneficial to grain dispersion and upgrades the
cleaning efficiency. However, for the other two fans, the
response of the total pressure to the increasing loads was
more variable, especially for Fan III. As the cleaning load
increased, the total pressure in duct 1 and duct 4 decrea-
sed. This is not desirable because the pressure cannot dis-
perse the higher amount of threshed outputs responsible
for the increased load. Therefore, Fan III is not suitable
for higher load conditions.

Variation of airflow distribution at each duct of
Fan II

Previous research has indicated that fan speed greatly
affects cleaning performance. A higher fan speed typica-
Ily leads to a lower grain impurity ratio, but a fan speed
that is too high results in an increase in grain sieve losses.
It has also been shown that the guide plate angle has an
effect on the cleaning performance by redistributing the
airflow over the sieves. To obtain more insight into the
variation in airflow distribution at each duct of Fan II un-
der different fan speeds, guide plate angle combinations
were performed using CFD simulations. In this paper, the
four ducts were subjected to an equivalent working load
of 6.67 to simulate the most extreme working conditions.

December 2020 * Volume 18 « Issue 4 « ¢0209
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Figure 8. Performance curves for different fans. MEA: measurement value

(1) Effect of fan speed. The upper and lower outlets of
the fan with four ducts play different roles. Therefore, the
effect of fan speed on the airflow volume rate should be
quantified for the different ducts. In Fig. 10, the variation
in airflow volume rate as a function of the fan speed is
illustrated for the four ducts subjected to an equivalent
working load of 6.67. When the fan speed was increased
from 1100 rpm to 1500 rpm, the generated total airflow
volume rate rose from 1.3 m%/s to 1.8 m%/s. Fan speed had
the largest effect on the airflow volume rate through duct
4, where the corresponding airflow volume rate increa-
sed from 0.49 to 0.73 m%/s, compared to an increase from
0.288 to 0.40 m%/s for duct 1.

The simulated velocity vectors inside the fan illustra-
ted in Fig. 11 indicate that the internal airflow velocity
increased gradually as the fan speed increased. With the
increase in fan speed, the airflow velocity at the end of the
spiral casing line also increased. This is because the ki-
netic energy of the gas molecules increased significantly
as the airflow rotates in the volute. The airflow is guided
towards the end of the spiral casing line, and the accele-
rated airflow is ejected from duct 4, resulting in a signifi-
cant increase in the airflow velocity at duct 4. Moreover,
the increase in airflow speed through the upper duct with
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increasing fan speed subjects the grain and MOG entering
the cleaning shoe to greater acceleration in the direction
of the back of the cleaning shoe. A fan speed of 1500 rpm
and a working load of 6.67 resulted in an airflow velocity
from the upper duct of approximately 8 m/s. This high
air speed is expected to blow the rice grains towards the
back, which may increase sieve losses. Therefore, a fan
speed below 1500 rpm is recommended in most cases to
maintain a reasonable grain sieve loss ratio level.

(2) Effects of guide plate angle

a) Guide plate I. The variation in airflow volume rate
through each duct as a function of the guide plate angle
is illustrated in Fig. 12. When the guide plate I angle
was increased from 18° to 45°, the total airflow volume
rate was reduced from 2.18 to 1.34 m?/s. The airflow vo-
lume at duct 3 decreased with an increase in the guide
plate I angle from 30° to 45°, resulting in a relatively
low airflow velocity in the middle section of the sieve.
This is not beneficial for the penetration of the threshed
mixture and might lead to a larger grain impurity ratio
in the grain tank. The airflow volume at duct 1 and duct
2 shows a trend of first increasing and then decreasing
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(1) Fan I

(2) Fan II

(3) Fan III

Figure 9. Total pressure contours of different fans under different cleaning loads.

with an increase in the guide plate I angle. The airflow
volume at duct 4 reached its maximum value when the
guide plate I angle was 30°. The velocity vector insi-
de the fan under different guide plate I angles is shown
in Fig. 13.

Figs. 13a,b,c show that the airflow velocity inside the
fan decreased as the guide plate I angle increased. Duct 2
received the smallest airflow velocity in the case of a gui-
de plate I angle of 30°. The guide plate I angle had a para-
mount influence on the airflow velocity at duct 3, and the
corresponding airflow velocity decreased with increasing
guide plate I angle. Therefore, it is better to keep guide
plate I at a small angle in combine harvesters.

b) Guide plate I1. The effect of the guide plate I angle
is also visualized in Fig. 12. As the angle of guide plate
I is increased from 18° to 45°, the generated total airflow
volume rises from 1.6 to 1.76 m*/s and then basically re-
mained the same. The guide plate II angle had a marginal
effect on the airflow volume rates at ducts 1 and 4 but
a large effect on the airflow volume rate at ducts 2 and

3. The volume rate at duct 2 stays more or less constant
when the guide plate II angle was increased from 18° to
30° but decreased from 0.40 m/s to 0.23 m/s as the guide
plate II angle is further increased from 30° to 45°. The
volume rate at duct 3 increased from 0.16 to 0.43 m%/s as
the guide plate II angle was increased from 18° to 45°.
The variation in airflow velocity inside the fan with diffe-
rent guide plate II angles is shown in Figs. 13e,f,g, where
with the increase in the guide plate II angle, the airflow
velocity inside the fan rose at first and then decreased. At
the same time, the airflow from duct 1 was distributed in a
layered status, and the airflow velocity was distributed in
the range of 7-10 m/s, thus providing a better pre-cleaning
function. The averaged airflow velocity at ducts 2 and 3
was the smallest when the guide plate II angle was 30°.
However, in the case of guide plate II with a small angle,
the airflow at duct 2 experienced an uneven distribution,
and it was easy to produce a cyclone in the cleaning shoe;
this is not beneficial for the threshed outputs to obtain a
continuous airflow effect. Changing the guide plate II an-
gle had no effect on the airflow velocity at duct 4.

Adrfiow volume. m b g1

[i]

1100

1300 1500

Fan spead, rpm

Figure 10. Airflow volume for Fan II with different speeds with an

equivalent working load of 6.67
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(a) 1100 rpm

(5)1300 rpm

(c)1500 rpm

Figure 11. Velocity vector inside the fan under different fan revolution speed with an equivalent working load of 6.67

In conclusion, the cleaning system can achieve good
cleaning performance with the following parameters: fan
speed: 1100-1300 rpm, guide plate I angle < 18° and gui-
de plate II angle 30-45°.

Cleaning performance and the corresponding
airflow velocity variations

The cleaning experiment results with a feed rate of
2.5 kg/s under different working parameters indicated in
Table 2, which shows that the developed cleaning device
had a good cleaning performance compared with the con-
ventional single duct cleaning device (Li & Li, 2015). The
airflow velocity variation under different conditions with
a feeding rate of 2.5 kg/s is shown in Fig. 14.

— Under test 1 in Fig. 14a, the maximum airflow ve-
locity from the fan upper duct could reach 12.25 m/s.
However, the airflow velocity was not uniform in its wi-
dth direction; the distance between the maximum and the
minimum value was 4 m/s, and the airflow velocity was
much higher at the middle than at the edges. As the ave-
raged airflow velocity was ~ 10.5 m/s, the light impurities
could be blown out instantly, and the cleaning load could

be reduced significantly. Then, the airflow velocity was
reduced gradually along the sieve length and recovered to
some extent at the tail sieve. However, the airflow velo-
city was slower, in a range of 360-720 mm, and the grain
impurity ratio increased.

— Under test 2 in Fig. 14b, the airflow velocity from
the upper duct was more uniform in the transverse direc-
tion of the fan, and the corresponding airflow velocity was
distributed from 7.24 to 8.7 m/s, almost equal to the sus-
pension speed of the rice grain. Although light impurities
could be separated instantly, the airflow was not sufficient
to keep the grains in the fluidized status in the cleaning
shoe, which could lead to threshed output accumulation in
the sieve front section. The airflow velocity was genera-
lly low, at 540-900 mm of the sieve length direction, and
the straw entered the grain tank, resulting in a high grain
impurity ratio.

— Under test 3 in Fig. 14c, the airflow velocity at the
fan upper duct was more even in the transverse direction,
and the averaged airflow velocity was distributed at ~ 9.7
m/s. The airflow velocity decreased in the 0-180 mm sie-
ve length direction, the grain falling into the sieve could
be dispersed rapidly, and the cleaning efficiency increased
correspondingly.

Adrflow volume m- 8
o =4
i m
T T

i
ha
T

15 20 25 30

Guide plate angla

Figure 12. Variation of airflow volume at each duct with different guide plate
angles for an equivalent working load of 6.67
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Figure 13. Variation of airflow velocity inside the fan with different guide plate angles

— Under test 4 in Fig 14d, the airflow velocity dis-
tribution was more reasonable. The airflow velocity in-
creased to 4-5 m/s at a sieve length of 360 mm, which
is beneficial to grain dispersion and penetration. Most of
the short straws were transported to the tail sieve, and the
straw had a small probability of entering the grain auger;
the grain impurity ratio was lower. At the tail sieve, the
airflow velocity rapidly rose, and the corresponding air-
flow velocity could reach 5.77 m/s. The short straw could
be thrown out of the cleaning shoe instantly, but this also
increased the possibility of the grain being blown out.

— Under test 5 in Fig. 14e, the airflow velocity was
~ 8.5 m/s at the fan upper duct, which approached the
suspension velocity of the grain. Then, the airflow velo-

city gradually decreased along the sieve length, and the
airflow velocity lateral distribution was not uniform in the
cleaning shoe. The airflow velocity reached the lowest va-
lue at the sieve length of 540-720 mm, and the short straw
entered the grain tank and impaired the grain impurity ra-
tio, although the airflow velocity overall distribution was
ideal.

— Under test 6 in Fig 14f, the airflow velocity at the
fan upper duct was more uniform in the transverse direc-
tion, and the averaged airflow velocity was ~ 10 m/s. The
short straw can be blown to a far position under the cou-
pling action of the strong airflow from the upper duct and
vibrating sieve, as the airflow velocity was larger in the
sieve front section. The decreasing airflow velocity in the

Table 2. Experimental cleaning performance under different conditions

Test No. Fan speed Guide plate I Guide plate I Sieve opening  Grain sieve loss Grain impurity
(rpm) angle (°) angle (°) (mm) (%) ratio (%)
1 1100 8 13 20 0.26 1.03
2 1100 27 29 25 0.42 1.22
3 1100 45 45 30 0.16 2.01
4 1300 8 29 30 0.39 0.76
5 1300 27 45 20 0.69 0.63
6 1300 45 13 25 0.53 1.22
7 1500 8 45 25 1.28 0.94
8 1500 27 13 30 1.80 0.75
9 1500 45 29 20 0.78 1.26
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Figure 14. Airflow velocity distribution characteristic above sieve under different conditions

middle section of the sieve and the recovery in the tail
sieve were good for improving cleaning performance.

— Under test 7 in Fig 14g, the airflow velocity was
more uneven along the sieve width direction, and the air-
flow velocity fluctuated greatly. Uneven airflow velocity
lead to a partial accumulation of threshed outputs on the
sieve surface, resulting in airflow turbulence in the cle-
aning shoe. In addition, the airflow velocity in the front
sieve (0-180 mm) was distributed in the range of 8-12
m/s, the grain entering the cleaning shoe at a larger initial
velocity under this condition, and the accelerated grains
were thrown out, resulting in larger grain sieve loss.

— Under test 8 in Fig. 14h, the airflow velocity was
higher in the cleaning shoe than in the other groups, but
the airflow velocity experienced considerable lateral fluc-
tuation. The higher airflow velocity at the fan upper duct
and tail sieve lead to larger grain sieve loss.

— Under test 9 in Fig 141, the airflow velocity had
an even distribution on the sieve transverse direction in
the front sieve, and the averaged airflow velocity was ~

Spanish Journal of Agricultural Research

12.5 m/s. The airflow velocity experienced a drastic decli-
ne in the range of 0-180 mm in the sieve length direction,
and grains settled into the grain auger promptly. After
that, the airflow velocity decreased significantly, and short
straw entered the grain auger. Airflow velocity was stable
within the range of 720-900 mm in sieve length. The ac-
celerated grains were blown out under the action of strong
airflow at the tail sieve, resulting in larger grain sieve loss.

From the above analysis, it can be seen that there was
significant airflow velocity fluctuation inside the cle-
aning shoe, but there was a similar distribution mode
along the sieve, that is, the airflow velocity arrived at
its largest value at the upper duct, and the airflow ve-
locity at the middle of the sieve (500-900 mm) was the
lowest. The airflow velocity recovered to some extent
in the tail sieve (900-1080 mm). The airflow velocity in
the cleaning shoe is shown in Fig. 15. From the test-rig
experiment results, test 4 and test 6 exhibited the best
cleaning performance; thus, the desired airflow distri-
bution range is that 8-9 m/s at the upper duct, 4-6 m/s
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Figure 15. Averaged airflow velocity at different measuring points in clea-

ning shoe

at the middle section, and 3-4 m/s at the tail section was
the ideal airflow velocity distribution. This result veri-
fies that the airflow velocity had a significant relation
with cleaning performance.

Field experiment results

The corresponding field experiment results of the com-
bine harvester with the selected multi-duct fan were as fo-
llows: the grain sieve loss was 0.23% and the grain impu-
rity ratio 0.41% under a fan speed of 1300 rpm; the guide
plate I angle 8°, the guide plate II angle 45°, and the sieve
opening 30 mm. The corresponding grain sieve loss was
0.066% and the grain impurity ratio 0.627% when the fan
speed was 1100 rpm; the sieve opening 20 mm, the guide
plate I angle 8°, and the guide plate II angle 45°.

Conclusion

As the load increases (higher resistance values), the
eddy scope and the airflow velocity inside the fan gra-
dually decrease, resulting in a reduced airflow velocity at
each duct. Higher airflow velocity at the fan upper duct
and tail sieve lead to larger grain sieve loss. The decrea-
sing airflow velocity in the middle section of the sieve
and the recovery in the tail sieve were good for improving
cleaning performance. In this study, the cleaning system
performance was just predicted according to the terminal
velocity of the different categories of threshed outputs and
airflow velocity magnitude, in the future, CFD-DEM (dis-
crete element method) coupling method can be utilized to
study the threshed outputs movements under different fan
speed, sieve vibration frequency and airflow direction,
thus the cleaning performance can be predicted more pre-
cisely though simulation.
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