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ABSTRACT: Polymer granules are conveyed and plasticized using an innovational vane extruder composed of several vane plasticizing

and conveying units (VPCUs). This study developed a mathematic model to analyze the bulk density of polymer granules in a

VPCU, as well as conducted an experiment to investigate the effects of device geometry, polymer properties, and operating conditions

on the model. By comparing the theoretical model data with the experiment data, the proposed model of bulk density is found to be

aligned with actual conditions, thus providing a basis for device and process optimization. VC 2013 Wiley Periodicals, Inc. J. Appl. Polym.
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INTRODUCTION

Various methods such as extrusion, injection molding, and blow

molding are used in polymer processing. Most polymer process-

ing instruments are based on the screw. Polymer processing is

generally divided into several steps: solid conveying, melting,

supercharging and pumping, mixing, and devolatilization. In

the solid-conveying section, the polymer materials are not only

being conveyed forward, more importantly, they are being

compressed to prepare for plasticizing and melting in the next

section. How well the screw design matches the compaction

behavior of the resin for a given set of process conditions has

significant influence on extruder performance. However, the

design of the screw sections is often done on account of the

past experience and with little knowledge of the resin compac-

tion behavior. An improved design would ideally include screw

performance prediction using variable bulk density.

The phenomenon and effects of the bulk density on polymer

processing have been studied by numerous researchers.1,2 Bulk

density is defined as the density of polymeric material, either

powders or particles, including the voids between them. Bulk

density is one of the significant properties of bulk material.

Before the mass flow rate of the process can be calculated, com-

prehending bulk density and its variation with a certain degree

of confidence in the theories3 of extruder screw design is

required. Thus, predicting or estimating the magnitude of bulk

density under combined effects is necessary because the com-

pressibility of the bulk material determines, to a large extent,

the solid-conveying behavior in polymer processing.

The earliest appropriate mathematical model that described the

mechanism of solid conveying was established by Darnell and

Mol4 in 1956, and was based on solid static friction and static

equilibrium. In 1969, Schneider5 obtained a more realistic stress

distribution by revising the assumption of isotropic stress distri-

bution in the Darnell-Mol4 model and by assuming a specific

ratio between compressive stress in the down-channel direction

and stresses in the other directions. In 1972, Broyer6,7 and Tad-

mor6,7 modified the Darnell-Mol4 model, and considered the

effects of screw helix and temperature variation. The well-

known Darnell-Mol4 model is a one-dimensional plug flow.

More recently, other refinements were applied by Chung,8 Love-

grove,9 Williams,10,11 and Zhu and Chen.12 The plug flow model

has provided a basis for many theoretical and experimental

investigations of solid conveying in screw extruders.

A number of investigations concerning the rheology of bulk

density material have been conducted to close the gap left by

the extruder theory. Cheng and Gogos13 studied bulk density

variation in the compaction period and examined the actual

area, where pellets are in contact with the metal wall under vari-

ous pressures. Smith and Parnaby14 provided the isothermal

bulk density data for a number of commercially available
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plastics with practical ranges of uniform hydrostatic pressure, as

well as the regression fitted polynomials for each plastic. Potente

and Sch€oppner15 developed formulas for calculating the bulk

density of granules in the extruder screw channel.

This study introduces a novel vane extruder16,17 in which a

complete extrusion system is composed of several vane plasticiz-

ing and conveying units (VPCUs), as shown in Figure 1. A

group of VPCUs is composed of a stator, an eccentric rotor,

four vanes, and two baffles that are used to feed and discharge

the material. The four vanes are installed in pairs in the rectan-

gular through hole of the rotor. The conveying mechanism of

the vane extruder is based on the vane elongational flow, which

is completely different to the screw extruder.

This study constructs a mathematical model of the bulk density

in the solid compacting process of a vane extruder based on

stress distribution analysis and then provides an analytical solu-

tion. The data from the theoretical model of bulk density are

then compared with the physical formula data. The theoretical

model results show that the bulk density in the compacting

process of polymer solids in the vane extruder is affected by de-

vice geometry, polymer properties, and operating conditions.

THEORETICAL MODEL

The vane extruder is a novel extruder that differs from an ordi-

nary extruder. The schematic diagram of the solid-conveying

zone in the vane extruder is shown in Figure 2. The mathemati-

cal model is established by using a cylindrical coordinate system

to describe the movement of the solid pellets in the chamber.

Various forces acting on the micro-element are illustrated in

Figure 3. These forces can be expressed in terms of coefficients

of friction, local geometry, and the differential pressure incre-

ment, which compensate for other forces.18

Our previous study19 indicated that the variation of pressure

applied by the rear vane could be expressed as follows:

P1 ¼
1

2
P1ðhvÞð1þ exp

Kzfb r2 þ r1 � d2

4r2

� �
ðr2
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where hv is the angular coordinate of the rear vane of VPCU in the

cylindrical coordinate system, and P1(hv) is the pressure on the

rear vane.

Supposing cp ¼
P1ðhv þ p

2
Þ

P1ðhvÞ
(2)

P ¼
P1 hv þ p

2

� �
þ P1ðhvÞ

2
(3)

The following expression of P is obtained by substituting eq. (2)

into eq. (3):

P ¼ ð1þ cpÞ
2

P1ðhvÞ (4)

where P is the pressure acting on the whole granular system in one

chamber.

The experimental work of Chung8 indicated that the variation

of material density could be expressed by the following semi-

empirical equations:

q ¼ qmax � ðqmax � qminÞ � e�c0P (5)

c0 ¼ b0 þ b1 � T þ b2 � T 2 þ b3=ðTg � TÞ (6)

where qmax is the maximum bulk density at infinitely high pres-

sure which is assumed as the solid-phase density of the material

in this article; qmin is the minimum bulk density at zero pres-

sure, which is assumed as the bulk density at angle a; and q is

the actual density of the material. c0 is the bulk density pressure

Figure 1. Schematic diagram of the vane extruder.
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coefficient function. b0,b1,b2, and b3 are the coefficient parame-

ters of c0. T and Tg are the processing temperature and the glass

transition temperature of the material, respectively. B is the axial

width of the VPCU.

The torque exerted on the rotor shaft is expressed as follows.

M ¼ P1ðhvÞ½rðhvÞ � r1�BrðhvÞ
� P1ðhv þ

p
2
Þ r hv þ

p
2

� �
� r1

h i
Br hv þ

p
2

� �
(7)

The following expression of q is obtained by substituting eq.

(2), (3) and (7) into eq. (5):

q ¼qmax�ðqmax � qminÞ

exp

ð1þcpÞ
2

c0M
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2
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According to (8), the bulk density expression in the chamber

during the compacting and conveying of polymer solids is

obtained as a function of w, which is defined as w ¼ ð1
4
Þp� hv ,

indicating that the bulk density can be derived from the total

torque M of the rotor. Therefore, the bulk density in the first

VPCU can be studied by measuring the total torque M of the

rotor.

EXPERIMENTAL

Material

The characteristics of the materials used to prepare the experi-

ment are provided in Table I.

Experimental Device

A visual experimental device is designed to study the solid-con-

veying and compaction mechanism of the vane extruder, as

shown in Figure 4. The equipment consists of the driving and

compaction systems. When the rotor is rotating, the torque sen-

sor can measure the total torque of the rotor. The compaction

system comprises one group of VPCUs, and the eccentricity d

between the rotor and the stator can be adjusted from 0 mm to

3 mm. To observe the compaction process, the baffle of a

VPCU is made of quartz glass, and the discharge port is along

the circumferential direction of the rotor. The experimental

phenomena can be observed through the visualization window.

This equipment has three stators with different angles of dis-

charge port b (30�, 35�, and 40�), which can be accordingly in-

stalled to study the effects of different discharge ports on bulk

density. The length (L) of vane is 35 mm, and the diameter (D)

of the rotor in the device is 40 mm. The chamber has the larg-

est volume when the angle hv ¼ (1/4) p.

Experimental Program

Given that the motions of the four cavities were the same, one

material-filled cavity was chosen for the experiments. A number

of factors affected bulk density, including of device geometry

(eccentricity and discharge port), polymer properties (phase

morphology, frictional coefficient, and material shape), and

operating conditions (temperature and rotating speed). In each

experiment, one variable was varied under the same conditions.

The experimental programs had seven variables (material shape,

phase morphology, eccentricity, discharge port, friction coeffi-

cient, rotating speed, and temperature), as shown in Table II. In

Experiment #1, the variable was the shape of the material. In

Experiment #2, the variable was the different materials with dif-

ferent phase morphologies: PP, ABS, PVC, and HIPS. In Experi-

ment #3, the variable was eccentricity, which ranged from 1

mm to 3 mm. In Experiment #4, the variable was the discharge

port, which varied from 30� to 40�. The variable in Experiment

#5 was friction coefficient. Rotating speed, which varied from

2r/min to 20r/min, was the variable in Experiment #6. In

Experiment #7, the variable was the temperature, which ranged

from 30�C to 120�C. In Experiment #8, the parameters of the

experiment were the following: 2r/min rotating speed, 80�C
temperature, 3 mm eccentricity, and 40� discharging angle.

Before the start of each experiment, filling the cavity with mate-

rial up to its maximum volume was necessary. The experiments

then ensued, and the total torque of the rotor was recorded.

Finally, based on eq. (8), the bulk density was obtained as a

function of the angle.

RESULTS AND DISCUSSION

Figure 5 shows the comparison between the theoretical model

bulk densities of ABS material at various temperatures and the

physical formula data. The physical formula used in the study is

Figure 2. Schematic diagram of the solids conveying zone: (1) stator, (2)

rotor, (3) front vane, (4) differential element and (5) rear vane.

Figure 3. Forces acting on the differential element along the circumferen-

tial direction.
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q ¼ m
v
. In the theoretical model data, the parameters are as

follows: b0 ¼ �0.65 � 10�7MPa�1, b1 ¼ �0.1 � 10�8

(MPa�1�C�1), b2 ¼ 0, and b3 ¼ �0.54 � 10�6�C/MPa, d ¼ 3

mm, D ¼ 40 mm, and L ¼ 35 mm. Figure 5 clearly shows that

the theoretical model data and the physical formula data have

the same trends, and the curves are relatively matched,

particularly with small angle w. According to this trend, the

solid compaction process is divided into the particle re-arrange-

ment period (w < 0.3 rad) and the compaction period (w >

0.3 rad). In the particle re-arrangement period, the bulk density

is low and increases slowly with the rotating angle of the rotor.

In this period, the solid material are loosely stacked in the cav-

ity, and numerous voids exist between the material. Solid parti-

cle movement is merely a spatial re-arrangement of the material

that facilitates a slow increase in bulk density. During the com-

paction period, the elastic deformation of the material first

occurs near the point of high stress, thus resulting in a sharp

rise in bulk density. Upon further compression, plastic deforma-

tion of the solid particles occurs, and some particles rupture.

Under this condition, although the bulk density increases, the

theoretical model data are smaller than the physical formula

data. A small gap exists between the top of the vane and the

inner surface of the stator. When the volume constituted by the

stator, the rotor, two adjacent vanes, and the baffles decreases,

that is, the materials are compacting, a small portion of the

materials will be squeezed out through the gap from one cavity

to another. However, in the physical formula q ¼ m
v
, v is

decreasing, and m is constant, such that the theoretical model

data is smaller than the physical formula data. Finally, the solid

materials are completely compacted. Thus, the particle re-

arrangement period is the no-deformation stage, whereas the

compaction period is the elastic and plastic-deformation stage.

The final theoretical model bulk density is significantly lower

than the physical formula data. The obvious difference in final

bulk density between the theoretical model and the physical for-

mula data may be attributed to discharging. When the materials

begin to be discharged, the volume of the chamber is relatively

small .The materials are compacted to the maximum limit in

the VPCU. Thus, the bulk density exhibits minor changes. With

the physical formula data, the quantity m is constant, and the

volume is decreasing, thus resulting in a steep increase in the

physical formula bulk density. On this account, the final theo-

retical model bulk density is significantly lower than the physi-

cal formula data.

As shown in Figure 6, the compaction process comprises charg-

ing, compacting, and discharging. Unlike the physical formula,

bulk density data increase linearly. The theoretical model bulk

density evidently differs from the physical formula data in terms

of leakage and discharging. Thus the theoretical model is more

suitable for reflecting the variations of the bulk density in the

vane extruder.

Polymer Property

In Experiment #1, the effects of the material shape on bulk den-

sity were studied. Figure 7, which was obtained from the

Figure 4. Schematic diagram of visual experimental device.

Table I. Characteristics of the Materials

Materials Supplier Characteristics

Polypropylene (PP)(CJS-700) Petrochem. Co., China qm 920 kg/m3

Linear low density polyethylene (LLDPE)(DFDA-7042) Petrochem. Co., China qm 930 kg/m3

Acrylonitrile butadiene styrene copolymers (ABS)(9555) Dow chemical corporation qm 1060kg/m3

High impact polystyrene (HIPS)(GH660) Petrochem. Co., China qm 1035kg/m3

Polyvinylchloride (PVC)(S-700) Petrochem. Co., China qm 1040kg/m3

Epoxidized soybean oil (ESO)(X-20) Petrochem. Co., China –
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theoretical model, clearly shows that, the powder and the pellet

of LLDPE exhibit similar behavior, and that the bulk density of

the LLDPE increases with the rotating angle of the rotor. When

the angle is relatively small, the change in the bulk density is

minimal. With the rotating angle of the rotor, the slope of the

curve describing the relationship between the bulk density and

the angle increases. As shown in the compaction process (Figure

6), the rotating of the rotor facilitates a decrease in the volume

of the cavity as well as the rearrangement of particles. After the

rearrangement of the particles, the voids between the material

are filled. The surfaces of particles are in contact with one

another in the compressional deformation field, which results in

a steep increase in bulk density. The negligible differences in

bulk density between the powders and the pellet denote that the

shape of material has a minor effect upon the bulk density of

the material, which is different from the screw extruder. This

finding also denotes that the vane extruder has a more effective

adaptability to the material.

Experiment #2 compared the bulk density between the crystal-

line material (PP) and the amorphous materials (ABS, PVC,

and HIPS) at the given temperature (120�C). The data are

obtained by using the theoretical model. The compaction pro-

gress in Figure 6 clearly shows that, while the rotor is rotating,

the void volume between the particulate solids decreases and

the particles are deformed and even fractured, resulting in an

increase in bulk density. Figure 8 also clearly shows that in the

initial period, the different polymer materials have very similar

bulk density. However, differences in the bulk density for differ-

ent polymer materials gradually increase with the rotating angle

of the rotor. The bulk density of the amorphous (PVC) material

is significantly higher than that of the amorphous (ABS)

Table II. Experimental Programs

Material
Phase
morphology

Eccentricity
(mm)

Discharge
(�)

Rotating
speed (r/min)

Temperature
(�C)

#1 LLDPE(powder) Crystalline 3 40 2 80

LLDPE(pellet)

#2 PP(powder) Crystalline 3 40 2 120

ABS,PVC,HIPS (powder) Amorphous

#3 LLDPE(powder) Crystalline 1

2 40 2 80

3

#4 LLDPE (powder) Crystalline 30

3 35 2 80

40

#5 LLDPE (powder) Crystalline 3 40 2 80

LLDPE(ESO) (powder)

2

5

#6 LLDPE(powder) Crystalline 3 40 80

10

20

30

50

#7 ABS(powder) Amorphous 3 40 2

90

120

#8 LLDPE(pellet) Crystalline 3 40 2 80

Figure 5. Comparison between the theoretical model bulk density and

the physical formula data.
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material, particularly in the period of w > 0.5 rad. This result

may be attributed to the various material properties that can

affect the solid compaction process, such as glass transition

temperature Tg. Hyun and Spalding2 suggested that amorphous

polymers with low Tg, such as PVC, are easily compacted.

Under the same experimental conditions, Tg of the PVC is lower

than that of ABS. Therefore, the bulk density of PVC is higher

than that of ABS.

Device Geometry

The rotor eccentricity of the inner stator is one of the innova-

tions in the vane extruder. The quantity of material that can fill

the chamber increases as eccentricity increases. In Experiment

#3, the quantity of LLDPE held in the chamber when com-

pletely full were 2.8, 3.2, and 3.5 g, when the eccentricities were

1, 2 and 3 mm respectively. Figure 9 clearly shows that when

the chamber is completely filled with material, significant differ-

ences are observed between the initial and final bulk densities.

The initial bulk density decreases when eccentricity increases,

whereas the final bulk density increases when eccentricity

increases. Calculating from the schematic diagram of the solid

conveying (Figure 2), the maximum cavity vmax ¼ B
p
4
ðr2

2 � r1
2Þ þ

ffiffiffi
2
p

r2d þ 1
2

d2
� �

, the minimum cavity vmin ¼ B
p
4
ðr2

2 � r1
2Þ �

ffiffiffi
2
p

r2d � 1
2

d2
� �

, and the volume of the maximum

cavity increases with the eccentricity d. However, the volume of

the minimum cavity decreases with the eccentricity d. When w
< 0.1, the cavity approaches the maximum volume. A lager

eccentricity implies a lager vmax and a loose arrangement of

granules, which results in a decrease in bulk density as the

eccentricity increases. However, with the rotating of the rotor,

the materials are compacted as shown in Figure 6. The volume

of the cavity decreases, particularly in the final stage of compac-

tion. A larger eccentricity implies a smaller volume of the cavity

and greater quantity of material in the cavity. Thus, the voids

between the granules are completely filled in the final stage of

compaction. Moreover, a larger eccentricity results in larger

bulk density. The differences of bulk density at different

eccentricities show that a larger eccentricity is necessary for the

Figure 6. Photograph of compaction process of materials LLDPE at 80�C in the visual experimental device.

Figure 7. Comparison of bulk densities of polymer materials with differ-

ent material shapes.

Figure 8. Comparison of bulk density of polymer materials with different

phase morphology.
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compaction of the material in the solid-conveying zone of the

vane extruder.

In the vane extruder, the size and location of the discharge port

in the first VPCU are crucial for the bulk density. In Experi-

ment #4, three different discharge ports were used to study their

effects. The angles of three discharge ports with smooth inner

surface were 30�, 35�, and 40�. The three curves at 30�, 35�,
and 40� indicate that the bulk density steeply increases with the

rotating of the rotor, and that a larger discharge port makes

bulk density smaller, as shown in Figure 10. The data were

obtained from the theoretical model. In the vane extruder, the

discharge direction is along the axial direction of the rotor,

which is in contrast to the visual experimental device where the

discharge direction is along the circumferential direction of the

rotor. However, the discharge port on the baffle can also be

designed according to this experiment. The discharge port on

the baffle should be larger than the limiting angle hv ¼ [4qmina
þ (qmin � qmax)p]/4qmax, where the solid materials are com-

pacted to the maximum. Otherwise, the vanes will be damaged.

The discharge port should not be too large so that the bulk

density can be established and the material can be compacted.

Figure 11 clearly shows that the curves of bulk density with and

without epoxy soybean oil (ESO) have the same trend. However,

the bulk density of LLDPE with ESO is lower than the bulk

density of LLDPE without ESO. With the rotating angle of the

rotor, the volume of the chamber decreases and the materials

are compacted, which induces the bulk density to increase. The

solid particle conveying of the screw extruder is established on

the basis of frictional drag, and the heat caused by the friction

has a significant effect on solid melting and polymer processing.

However, in the vane extruder, materials are forcibly conveyed

owing to the periodic change of chamber with the rotating

angle of the rotor. Thus, the fiction coefficient has negligible

effect on the solid-conveying in the vane extruder and the vane

extruder has an improved adaptability to the material.

Operation Condition

Experiment #6 studied the effects of the rotating speed on the

bulk density. The results obtained from the theoretical model,

as shown in Figure 12, demonstrate that the whole bulk density

of LLDPE increases with the rotation of the rotor, whether at

Figure 10. Comparison of bulk density of polymer materials in different

discharge position.

Figure 9. Comparison of bulk density of polymer materials in different

eccentricity.

Figure 11. Comparison of bulk density of polymer materials with and

without epoxy soybean oil (ESO).

Figure 12. Comparison of the bulk density of polymer materials in differ-

ent rotational speed.
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high or low rotational speeds. Figure 12 also clearly shows that

in the final stage of compaction, bulk density decreases as rota-

tional speed increases, that is, the bulk density at high rotating

speed is lower than that at low rotating speed. As shown in Fig-

ure 6, at high rotating speed, the rotor quickly shifts from one

angle to another, and the materials are quickly discharged from

the VPCU. Thus, the materials have little time to be compacted.

As a result, at the final stage of compaction, the bulk density is

lower at high rotating speed than at low rotating speed. Figure

12 also shows that the initial bulk density of the LLDPE has

minimal effect on the rotation of the rotor. During the initial

period, the materials do not completely fill the chamber and

cling closely to the front vane. Given the rotation angle of the

rotor, the materials move to the middle area, such that neither

the front nor the latter vanes can compact the material, which

results in a minimal variation of bulk density. The results indi-

cate that higher rotating speed has a negative effect on the com-

paction process. Thus, the polymer obtained at lower rotating

speeds has higher bulk density than that obtained in higher

rotating speeds.

Experiment #7 investigated the effects of temperature on bulk

density. The results obtained from the theoretical model, shown

in Figure 13, clearly shows that the variations of bulk density are

not significantly different at various temperatures. The curves

show the same trend of the bulk density of solid granules increas-

ing with the rotation angle of the rotor. After an initial slow rise,

the rate of increase of the bulk density at a relative high tempera-

ture rapidly rises, particularly at 120�C. This phenomenon can be

attributed to the various material properties that can affect the

solid compaction process, such as glass transition temperature Tg.

The glass transition temperature Tg of ABS is about 100�C, and

when the temperature exceeds the glass transition temperature,

the macromolecules can move freely, allowing the polymer mate-

rial to be easily compacted by external forces. As a result, bulk

density increases steeply. Based on this experiment and the actual

process, the temperature setting of the feeding section should be

high enough to properly compact the material.

Temperature has a significant effect on the compressibility

coefficient function c0, which increases rapidly with tempera-

ture. According to the experimental data, the compressibility

coefficient function c0 of the ABS material in the vane ex-

truder is

c0 ¼ �0:65� 10�7 þ 0:1� 10�8 � T � 0:54� 10�6=ðTg � TÞ
(9)

Equations (6) and (9) yield b0 ¼ �0.65 � 10�7MPa�1, b1 ¼
�0.1 � 10�8 (MPa�1�C�1), b2 ¼ 0, and b3 ¼ �0.54 � 10�6�C/

MPa in the vane extruder.

CONCLUSIONS

The bulk density in the solid-conveying section of the vane ex-

truder was analyzed using a convergent wedge slot model, and

the analytical solution of the bulk density was obtained using a

semi-empirical equation q ¼ qmax � (qmax � qmin) � e�c0P. The

theoretical model data of the bulk density was compared with

the physical formula q ¼ m
v

data.

The theoretical model results show the effects of polymer prop-

erties, device geometry, and operating conditions on bulk den-

sity during the compaction of polymer solids in the vane ex-

truder. The following conclusions were drawn: (1) During the

initial stage of compaction, the polymer powder and pellets can

nearly reach the same bulk density. However, during the final

stage of compaction, the powder can reach a higher bulk den-

sity than the pellets. (2) The bulk density of amorphous materi-

als is closely related to glass transition temperature Tg, such that

a higher Tg results in higher bulk density. (3) A greater eccen-

tricity results in more significant changes in bulk density

(smaller initial bulk density but higher final bulk density). (4)

Later discharging can result in higher bulk density. (5) The

addition of epoxy soybean oil (ESO) reduces the friction coeffi-

cient, which results in smaller bulk density. (6) Higher rotating

speed has a negative effect on the compaction process, which

results in lower bulk density. (7) A higher processing tempera-

ture is beneficial to the compaction of material and can result

in higher bulk density.
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NOMENCLATURE

r2 Radius of the stator(m)

d Eccentricity between baffles and materials

w Absolute angle of the materials micro-unit in

the closed volume (rad)

q Actual bulk density of the materials (kg/m3)

Tg Glass transition temperature of the materials

(�C)

Figure 13. Comparison of bulk density of polymer materials in different

processing temperature.
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T Processing temperature (�C)

C0 Bulk density pressure coefficient function

(MPa�1)

b0, b1, b2, b3 Coefficient parameters of C0

FN1 Radial force exerted by the rotor (N)

FN2 Radical force exerted by the stator (N)

F1 Circumferential pressure at h
F2 Circumferential pressure at h þ dh
Ff1 Frictional force on the rotor surface

FN3 Circumferential force to promote the

differential element (N)

FN4 Circumferential force to retard the differential

element (N)

Ff3 Friction forces on the front baffle surface(N)

Ff4 Friction forces on the rear baffle surface(N)

Kr Radical pressure coefficient

Kh Circumferential pressure coefficient

Kz Axial pressure coefficient

fs Friction coefficient between the rotor and the

materials

fr Friction coefficient between the stator and the

materials

fb Friction coefficient between the baffle and the

materials

P Pressure on the whole granules system (MPa)

fp Coefficient of pressure transmission

M Quantity of the materials (kg)

V Volume of the closed volume

P1(hv Pressure on the rear vane (MPa)

M Torque on the rotor shaft (N m)

A Position angle of the discharge port
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