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Abstract;: To examine the influence of the structural
parameters and working parameters of a double-drum
regeneration mixing station on its mixing uniformity, the
influence of the discrete element method and response surface
method on the uniformity of the aggregate mixing when the
interaction between two different factors was analyzed. A
mathematical model of the influence of various factors and
interactions on the coefficient of variation of the aggregates
was established. The matching of each parameter was
optimized with the goal of minimizing the coefficient of
variation. The results show that when the aggregate particle
size is different, the significance of each parameter affecting
its mixing uniformity is also different. Moreover, increasing
the speed and reducing the axial installation angle of the blade
can reduce the coefficient of variation of the three aggregates.
To obtain a good mixing uniformity, the mixing-arm phase
angle when the drum inclination angle is large should be
smaller than the phase angle when the drum inclination angle
is small, and the mixing of large particles should not be
arranged with a large mixing-arm phase angle. With a blade
radial installation angle of 38°, a blade axial installation
angle of 35°, a drum inclination angle of 6°, a drum rotation
speed of 10 r/min, and a mixing-arm phase angle of 32°, the
aggregate as a whole can exhibit the best mixing uniformity.
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uniformity ; surface method; discrete element
method; significance and interaction analysis
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he structural and working parameters of a double
drum have an important impact on the mixing uni-
formity of a recycled asphalt mixture. Accordingly, many
scholars have conducted considerable research on this top-
ic. Ma et al. "' analyzed the influence of the single factor
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of structure parameter and working parameter on the mix-
ing uniformity. Liu et al. ' analyzed the inclination in-
stallation range of double-drum blades. Zhao et al.
matched the blade parameters of an asphalt mixer based
on the discrete element method ( DEM). Simons et al. *’
studied the characterization of granular mixing in a helical
ribbon blade blender. Sakai et al. ”' evaluated the uni-
formity of solid mixing in an industrial blender based on
discrete element simulation. Milstead'®’ improved the
shape of agitation blades on the outer wall of an inner cyl-
inder to improve the uniformity of a mixture. Larry et
al. '”' proposed a mixing chain device that can reduce the
adhesion of an asphalt mixture on the outer surface of an
inner cylinder to prevent the adhered aging materials from
cracking and falling into a mixing chamber and hence
contaminating the mixture. Wallevik et al. "*’ analyzed
shear rates within a concrete truck mixer. In addition,
scholars have conducted relevant research on the mechani-
cal properties, production processes, and structural char-
acteristics of double-drum regeneration equipment ™"’ .
Other studies on the structural parameters of mixed equip-
ment using the DEM have also been conducted ™",

The above-mentioned studies focused on the optimiza-
tion and improvement of the performance of double-drum
mixing plants.
structural parameters and working parameters on the mix-

The limited literature on the effect of

ing uniformity only covered the influence of a single pa-
rameter. In the actual mixing process, the uniformity of
mixing is affected by the interaction of parameters, such
as drum rotation speed, drum inclination angle, blade ax-
ial installation angle, blade radial installation angle, and
mixing-arm phase angle.

Therefore, based on the DEM, a simulation model
with actual working conditions was established in this
study. By analyzing the influence of every single factor
on the uniformity of aggregate mixing, the response sur-
face method (RSM) was used to establish a mathematical
model between the discrete coefficient of aggregates and
the factors. Then, the significant relationship between
each factor and its interaction on the uniformity of the ag-
gregate was analyzed. This study provides a reference for
the further understanding of the mixing mechanism and
reveals the movement law of particles on mixing blades.
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1 Main Influencing Parameters and Value Range

A double drum, as shown in Fig. 1, is the core com-
ponent of a double-drum recycling mixing plant.
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Fig.1 Structure diagram of a double drum

It consists of an inner cylinder and a number of outer
cylinders, and the outer wall of the inner cylinder is
equipped with mixing blades. New aggregates enter the
inner cylinder from the feed port after proportioning and
move toward the burner with the rotation of the inner cyl-
inder. Then, the heated aggregate falls into the outer cyl-
inder. Recycled materials, new asphalt, and powder were
heated and stirred in the outer cylinder of the recycled
mixture, which realizes the recycling of old recycled ma-
terials. The mixing uniformity and mixing efficiency of
the asphalt mixture have many influencing factors. In ad-
dition to the characteristics of the mixture itself, the other
main factors are the axial installation angle of the blade
(B), blade radial installation angle (o), mixing-arm
phase angle (¢), drum inclination angle (), drum ro-
tation speed (7n), and their influence on each other.

According to the normal production requirements of the
double-drum recycling mixing plant and Ref. [ 1], the
parameters’ value ranges are as follows: a = 31.54° ~
39.36°, B=33.54° ~45.36°, ¢ =20° ~60°, y =2° ~
6°, and n =6 ~ 10 r/min.

2 Simulation Analysis
2.1 DEM contact model

The simulation model was established based on the
DEM. The contact relationship of the DEM generally in-
cludes particle to particle and particle to geometry, as
shown in Fig. 2. The displacement change of particles in
contact is shown in Fig. 3. For example, particle i is in
contact with particle j at point C. The dotted line is the
initial contact position; a is the tangent overlap; and § is
the normal overlap. The vibration equation can be used to
express the contact problem of the particle model in the
DEM. The contact relationship of particles is represented
by the vibration model, as shown in Fig. 4.

Boundary

Fig.2 Particle contact diagram

Particle j

Fig.3 Particle contact displacement
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Fig.4 Vibration model. (a) Normal vibration model; (b) Tan-
gent vibration model; (c) Sliding model

The vibration motions of particles are disintegrated into
the normal and tangential directions in the process of con-
tact. The vibration equation is

d’u, du,

ml,2 dtz +Cng+Knun=Fn
d*u, du,

ml,Z dt2 +cs dt +Ksu>:Fs (1)
d’e du,

11,2?4-(05 dt +K5us)S=M

where m, , is the equivalent mass of particles; I, ,is the
equivalent moment of inertia; u, is the normal relative
displacement; u_1is the tangential one; # denotes the rota-
tional angle; F, is the normal components of particles ac-
ted on by the outside force; F| is the tangential one; M is
the external moment of particles; K, is the normal elastic
coefficient in the contact model; K| is the tangential one;
c, is the normal damping coefficient; c_ is the tangential
one.

The friction force between contacting particles has an
effect on the tangential sliding and rolling of particles.
Through the sliding model, the limiting conditions of tan-
gential sliding and rolling can be obtained by

FS:;LKnunsgn[Ks(us+d%)] (2)

where y is the friction coefficient.
2.2 Simulation parameter settings

The simulation model of the double-drum regeneration
mixing equipment was established by the EDEM soft-
ware. To improve the simulation speed, the aggregate in
the mixture was simplified as a single spherical particle
model. Three kinds of aggregate with different particle
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size ranges were used to simulate the mixture. The parti-
cle size ranges of the aggregates Al, A2, and A3 were
2.36t04.75,4.751t09.50, and 9. 50 to 19. 00 mm, re-
spectively. Based on the production efficiency and grada-
tion, the production rates of the particle factory, aggre-
gate Al, and aggregate A2 are 1. 51, 14.73, and 20. 21
kg/s, respectively.

The complex contact forces between the asphalt and
mineral aggregate, the mineral aggregate and mineral ag-
gregate covered with asphalt, and the mineral aggregate
and mixing plant include the intermolecular van der Waals
force, acid-base force based on the chemical reaction,
and meshing friction force. To simulate the adhesion of
asphalt, Hertz Mindlin with Johnson-Kendall-Roberts co-
hesion contact model in the EDEM software was selected.
The intrinsic parameters and contact parameters of the
mixing device and material particles are set according to
the guidelines in the literature'"’ .

3 Influencing Factor Analysis

3.1 Effect of n on the mixing uniformity

In this study, 8 =40°,a =36°,90 =40°,y =4°, and n
=6 ~ 10 r/min. After the material flow became stable,
the distribution data of the three kinds of aggregate at the
outlet were extracted. The relationship between C, ( the
coefficient of variation of the aggregate) and n is shown
in Fig. 5.
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Fig.5 Relationship between C, and n

As shown in Fig. 5, n has a great influence on the
mixing uniformity of the mixture. When n increases from
6 t0 9 r/min, C, of the three kinds of aggregate decrea-
ses, and C, of Al and A3 decrease. Because Al and A3
were relatively fine and coarse particles and the number of
particles was relatively small, segregation could be easily
produced. When n is low, the distribution of particles is
less disturbed. With n increases, the aggregate throwing
increases correspondingly, the large-scale cross move-
ment among particles becomes more intense, and the re-
newal frequency of the particle position increases. Be-
cause the number of particles in A2 is relatively large and
the particle size is moderate, its particle distribution has a
strong anti-interference ability and a small fluctuation
range of the dispersion coefficient. When n changes from
9 to 10 r/min, the decrease range of the C, of Al and A3

becomes smaller, and the C, of A2 slightly increases;
that is, the influence of n on the uniformity of the aggre-
gate is nonlinear. When n reaches a certain value, the
mixture distribution tends to be stable, and the further in-
crease of n will not have a great positive effect on the im-
provement of the mixing uniformity.

3.2 Effect of y on the mixing uniformity

In this study, B8 =40°,a =36°,¢ =40°,n =8 1/min,
and y =2° ~ 6°. The relationship between C, and y is
shown in Fig. 6.
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Fig.6 Relationship between C, and y

As shown in Fig. 6, with the change in y, the C, of
Al and A2 fluctuates less, and the C, of A3 relatively
fluctuates more, but it is also limited within the range of
0.07. This result indicates that the change in y has less
influence on the uniformity of the mixture. Theoretically,
increasing vy can prolong the retention time of the mixture
in the mixing drum and increase the mixing times. How-
ever, as shown in Fig. 6, the greater the y, the greater
the segregation of the mixture.

The feed rate of the particle factory was reduced by
30% , but other parameters remained unchanged. The
uniformity of the mixture was analyzed when the inclina-
tion of the roller was 6°. The C, of Al, A2, and A3
were 0.427, 0. 184, and 0. 683, respectively, which are
lower than those before the feed rate was reduced. This
finding shows that the filling ratio of the mixing chamber
is high when vy is 6° without the decrease in the feeding
rate. Therefore, increasing y can prolong the mixing time
of the mixture. However, the retained mixture can easily
result in a large filling ratio in the mixing drum, which is
not conducive to mixing.

When vy is 4° and n is 9 r/min, the C, of the three ag-
gregates is smaller than that when y is 2°and n is 8 1t/
min. Therefore, to address the increase in the filling ratio
of the mixing drum caused by the increase in y, n can be
properly increased without reducing the productivity.

3.3 Effect of 8 on the mixing uniformity

In this study, a =36°,¢9 =40°,y =4° ,n =8 r/min,
and 8 =31°, 34°, 37°, 40°, 43°, 46°. The relation-
ship between the C, of the aggregate and 8 is shown in
Fig. 7.
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As shown in Fig. 7, B has a great influence on the
mixing uniformity. When g increases from 34° to 46°,
the C, of the three aggregates all increase. When g3 de-
creases from 34° to 31°, the C, of Al and A3 increase
slightly. Overall, when 8 =34°, the uniformity of the
mixture is the best.

B affects the intensity of the axial and circumferential
movements of the mixture, which in turn affects the mix-
ing uniformity. The axial average velocity (V,) and cir-
cumferential average velocity (V,) of all particles were
collected at different values of B to analyze the effect of 8
on the motion speed of the aggregate, as shown in
Fig. 8.
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Fig.8 Average velocity of particles with different 8

As shown in Fig. 8, when B increases from 31° to
46°, the average axial velocity of the particles increases
first and then decreases, and the maximum value is ob-
tained when 8 =40°. The average circumferential velocity
of the particles in the mixture reaches the maximum value
when 8 =34° and decreases when 3 increases. As shown
in Figs. 7 and 8, when B = 34°, the circumferential
movement of the mixture is sufficient, which is condu-
cive to the mixing of aggregates; the axial movement
speed of the mixture is slow, which is conducive to the
extension of the mixing time.

The feed rate of the particle plant was reduced by
30% , and other parameters were unchanged. The uni-
formity of the mixture was analyzed when 8 =31°. The
dispersion coefficients of Al, A2, and A3 were 0. 363,
0.145, and 0. 626, respectively, which are lower than
those before the feed rate was reduced. This finding
shows that the filling ratio of the mixing drum is high
when 8 =31° without a decrease in the feeding rate. As

shown in Fig. 8, compared with 8 =34°, when g8 =31°,
the axial movement speed of the mixture is slower, and
the filling ratio of the mixing drum is higher, which is
not conducive to the cross movement between particles.
The circumferential velocity of the mixture was de-
creased, and the particle throwing was weakened. There-
fore, the axial installation angle should take into account
the axial and circumferential movements of the mixture.

3.4 Effect of ¢ on the mixing uniformity

In this study, B8 =40°, a =36°, y =4°, and n =8 1/
min, ¢ =20°, 30°, 40°, 50°, 60°. The relationship be-
tween the C, of the aggregate and ¢ is shown in Fig. 9.
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Fig.9 Relationship between C, and ¢
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As shown in Fig. 9, the C, of Al changes slightly,
and the C, of A2 and A3 vary greatly. When ¢ =30°, C,
of A2 and A3 are at the minimum. When ¢ increases
from 30° to 60°, C, of A2 and A3 increases gradually,
but C, of A3 increases exponentially. This finding shows
that ¢ has a significant impact on the uniformity of large
particles in the mixture. An excessively large ¢ is unfa-
vorable to the mixing of the coarse aggregate.

The feed rate of the particle plant was reduced by
30% , whereas other parameters were unchanged. The
uniformity of the mixture was analyzed when ¢ = 60°.
The C, of Al, A2, and A3 were 0. 451, 0. 316, and
1.038, respectively, which are lower than those before
the feed rate was reduced. Hence, when the feed rate is
constant and ¢ is 60°, the filling ratio of the mixing drum
is on the high side.

3.5 Effect of o on the mixing uniformity

B=40°,0 =40°,y =4°,n =8 1/min, and « =32°,
34°,36°, 38°, 40°. The relationship between the C, of
the aggregate and « is shown in Fig. 10.
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As shown in Fig. 10, the C, of Al and A2 has little
change. The C, of A3 is largely influenced by «, but its
fluctuation range is also less than 0. 11. Hence, « has lit-
tle influence on the uniformity of the mixture.

« can separate the mixture from the inner wall of the
outer cylinder, shorten the rolling distance, and reduce
the segregation of the coarse particles in the rolling
process. Therefore, the uniformity of A3 is greatly af-
fected by a. When « is 36° and the other parameters re-
main unchanged, the uniformity of the aggregate is com-
pared when ¢ is 60° and 40°. The results show that the
C,of Al, A2, and A3 are 0.464, 0.363, and 1. 298,
respectively, when ¢ is 60°, which are higher than that
when ¢ is 40°.

In addition, « will affect the movement speed of the
mixture particles. To study the influence of « on the mix-
ture moving speed, we collected the average speed of all
particles and determined the average moving speed of par-
ticles with different «, as shown in Fig. 11.
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0.325 . . . |
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Fig.11 Change in the average particle velocity with different «

As shown in Fig. 11, the average velocity of particles
has little change; that is, « has little influence on the ve-
locity of the mixture. When « is 36°, the average veloci-

C,, =0.217 69 +0.005 83« —0.005 798 —0.007 38¢ —0.075 63y +0.103 53n +0.000 178 +0.000 Olag +

0.001 14y —0.001 0200 +0.002 978 +0.000 098y —0.001 638n +0.001 02y —0.000 71gn —0.001 61yn
C,=1.168 15 +0.000 52a —0.004 758 —0.060 12¢ —0.064 7y +0. 103 447 +0.000 1843 +0.000 260 +

0.001 2ary +0.000 66an +0.000 468¢ —0.0018y —0.001 568y +0.001 95¢y +0.000 Kegn —0.000 75yn
C, =6.2745-0.072 820 —0. 101 483 —0.089 52¢ —0.383 36y —0.026 151 +0.001 2003 +0. 000 54aqp +
0.004 17ary +0.001 48am +0.001 2583 +0.002 643y —0.000 9481 +0.004 77y —0.004 45pn —0.004 2yn

where C,,C
A2, and A3, respectively. The significant factors and
the significant relationship of C,, are n >8> ¢. In the in-
teraction term, ¢ and y, ¢ and B have a significant influ-
ence. The significant factors and the significant relation-
ship of C,, are n >8>y > ¢, and among the interaction
terms, ¢ and y, ¢ and «, ¢ and B have significant influ-
ences. The significant factors and significant relationship

of C,are ¢ >n > B >y, and among the interaction

C ,are the coefficients of variation of Al ,

V20

terms, ¢ and y, ¢ and n, ¢ and « have significant
effects.

ty of particles in the mixture is relatively large, and the
homogeneity of the mixture is relatively good. When « is
40°, the average velocity of particles is slow, which is
not conducive to the mixing of the mixture.

4 RSM Analysis

To analyze the interaction between various factors and
find the best parameter match, the RSM was used for fur-
ther research.

4.1 Simulation scheme design

Referring to the design of the structural parameters and
motion parameters of the double-drum mixing equipment
in the previous paper, the value ranges of five factors are
set as follows: 34° < a<46°,32°<B8<40°,20°<s¢p <
60°,2°<y<6°, and 6 r/min<n<10 r/min.

Taking a, B, ¢, v, and n as the influencing factors
and C, as the response value, according to the design
method of the response surface experiment, the simula-
tion scheme of the five factors and three levels was de-
signed, as shown in Tab. 1.

Tab.1 Influencing factors and level value
Influencing factors level -1 level 0 level 1
a/(°) 34 40 46
B/(°) 32 36 40
o/ (°) 20 40 60
v/ (%) 2 4 6
n/(r-min~") 6 8 10

4.2 Simulation results and analysis

According to the range of the influencing factors in Tab.
1, the simulation scheme and results were obtained by the
Box-Behnken design test method. The simulation results
are analyzed by RSM. Each factor of aggregates is

(3)

4.3 Interaction factor analysis

Among the interaction factors, the interactions of y
and ¢, B and ¢ have a significant effect on C,,. The re-
sponse surface relationship between C,, and the signifi-
cant interaction factor of Al is shown in Fig. 12.

The response surface relationship between the discrete
coefficient and interaction factor is shown in Fig. 12
(a). When the phase angle of the mixing arm is 20°,
C,, decreases when vy increases. When ¢ is 60°, C,, in-
creases when vy increases. As shown in Fig. 12(b), if ¢
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Significant effect of y and ¢ on C,;; (b) Significant effect of ¢ and 8
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is any value, C, will decrease when B decreases.
Among them, when ¢ is 60°, C,, decreases faster.

Among the interaction factors, the interactions of ¢
and B,« and ¢, y and ¢ have a significant effect on C,,.
The response surface relationship between C ,and the sig-
nificant interaction factor of A2 is shown in Fig. 13.

As shown in Fig. 13, the interaction between ¢ and
«,B has a similar effect on the uniformity of A2. When
¢ is constant, the change in «,B has little influence on
c
obvious. With changes in ¢, vy has a great influence on

.- In particular, when ¢ is 60°, the effect is relatively
the uniformity of A2. When ¢ is 20°, C, decreases
when vy increases. When ¢ is 60°, C,, increases when y
increases.

Among the interaction factors, the interactions of g
and ¢, y and ¢, n and ¢ have a significant effect on
C,,. The response surface relationship between C,, and
the significant interaction factors of A3 is shown in Fig.
14.

As shown in Fig. 14, when ¢ is 20°, 8, y, and n
have little influence on C,. When ¢ is 60°, C, increa-
ses when B increases, decreases when y decreases, and
increases when n decreases. Therefore, when ¢ is large,
n, vy, and B have an obvious influence on the uniformity
of A3. As shown in Fig. 14(c), when n is 10 r/min,
C,, decreases first and then increases when ¢ increases,
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Fig.13 Relationship between C,, and interaction factors. (a)

Significant effect of ¢ and 8 on C,,; (b) Significant effect of ¢ and «

vl

on C,;(c) Significant effect of y and ¢ on C,

and the change range is small. When n is 6 r/min, C,
greatly increases when ¢ increases. The results show that
when ¢ is large and n is reduced, the segregation of A3
easily increases.

As shown in Figs. 12(a), 13(c), and 14(b), the
interaction between y and ¢ has a significant effect on
the C, of the three kinds of aggregates. To improve the
mixing uniformity, when v is large, ¢ should be smaller
than y. When v is constant, ¢ corresponding to the low
point of the response surface of the C, of the aggregate
decreases in turn; that is, a small value of ¢ should be
arranged for the mixing of large particles.

Taking the minimum value of C, as the optimization
objective, the following values of each parameter are ob-
tained: B =35°, « =38°, ¢ =32°, y=6°, andn =10 1/
min.
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Fig. 14
(a) Significant effect of @ and ¢ on C; (b) Significant effect of y
and ¢ on C,5;(c) Significant effect of n and ¢ on C,4

5 Conclusions

1) Increasing the speed and reducing the axial installa-
tion angle of the blade within the design range can reduce
the discrete coefficient of the aggregates.

2) In the case of a certain feeding rate, increasing the
phase angle alone can easily cause the mixing lag of the
mixture, so the filling rate of the mixing chamber is in-
creased.

3) To obtain a good mixing uniformity, when 7y is
large, ¢ should be a small value, and conversely, a
large value should be taken. ¢ should be set to a large
value when mixing large particles.

4) Through the RSM, the significant relationship be-
tween the influence of every single factor and its interac-

tion on the C, of the aggregates is obtained. Taking the
minimum value of C, as the goal, the best parameter
matching is as follows: a =38°, 8=35°, y=6°, n=10
r/min, and ¢ =32°.
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