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ABSTRACT

New design of the conic shape screw conveyor is presented in the paper and the results of theoretical
investigations of the bulk material kinematic movement in this conveyor were shown. Dependencies for
finding kinematic and operating parameters, which provide long-term stability of such mixers were found.
Stand equipment for investigation of the transporting efficiency and mixing of the bulk materials have been
developed and manufactured. Mechanic screw conveyors’ properties at high frequency range of rotation,
under smooth and sharp starting, rotation frequency change and reversing in the automatic regime have
been studied taking advantage of the ALTIVAR 71 and multipurpose measuring system with accelerometers
for finding dynamic loadings by PC. The results of experimental investigations of the efficiency depending on
the screw pitch and every next turn, the screw conic surface inclination and the screw rotation frequency are
presented. It will make possible to clear the process of the bulk materials transporting and mixing for every
possible combination of the initial parameters. Specifically, increasing the increment of the cargo
displacement radius per turn from 1 mm to 5 mm results in a velocity increase ranging from 1.28 times to
2.44 times. Moreover, increasing the inclination angle of the forming cone surface from 1 degree to 2
degrees provides a 1.18-fold increase in productivity, and varying the increment of the screw pitch from
0.004 m to 0.01 m per turn results in a 1.07-fold decrease in productivity. Increasing the rotation frequency of
the conical screw a from 200 r/min to 500 r/min leads to a doubling of productivity.

PE3IOME

Y cmammi npedcmaerneHo HO8Y KOHCMPYKUiO 28UHMOB020 KOHBeepa KOHIYHOI ¢popmu, rodaHo
pesynbmamu meopemuyHux OoCiOXeHb KiHeMamuKy pyxy Curkoe2o mamepiany y euue3zadaHomy
KoHeeepi. BusedeHi 3anexHocmi Ond 8U3HAYeHHSI KIHEMamu4yHUX ma ekcrilyamauilHux rnapamempis, wo
3abesneyyromb cmabinbHy pobomy makux 3miuwysadie. Po3pobneHo i auezomoegrneHo cmeH0o8e 0briadHaHHs
0ns1 BocnidxeHHsT npodyKmueHOCMIi mpaHCriopmyeaHHsi ma 3Milly8aHHsI CUMKUX Mamepiarnie, a makox
XapakmepucmuK MexaHiYHUX 28UHMOBUX KOHBeEpie 8 wWupokomy Oiana3oHi Yyacmomu obepmaHHs, npu
rnnasHoMy ma pi3koMmy rycky, 3MiHi 4acmomu obepmaHHs | pesepcysaHHi & rpoueci 0ocridxeHb 8
asmomamus3oe8aHoMy pexumi 3a doriomMo2ot0 repemeoprogada Yacmomu cepii ALTIVAR 71 ma
YHigepcasibHOI 8UMIpIo8arnibHOI cucmeMu 3 akceriepomempamu 011 BUSHAYEHHST QUHaMIYHUX HagaHmMakeHb
3 ompumaHHsIM  gidriogiOHUX OaHux y [1K. [lpedcmaeneHo pe3ynbmamu eKcriepuMeHmarnbHUX
0ocnidxeHb. MPodyKmMUBHOCMI 3arexHo 8i0 KPOKY WHeKa Ha KOXHOMY r1oc/1id08HOMY 8UMKY, Kyma Haxury
MeIipHOI KOHIYHOI Mo8epxXHI WHeKa, Yyacmomu obepmaHHs WHekKa, siki 00380/19Mb Kpauie 3po3ymMimu npouec
mpaHcrnopmyeaHHsI ma 3Milly8aHHSI CUrMKUX Mamepiasnie Ofid KOXHOI 8i0rnogidHoI KombiHauii exiOHux
napamempis.3okpema npu 36inbweHHI npupocmy padiyca nepemiujeHHs eaHmMaxxy Ha 0OHOMy eumky eid 1
MM o 5 mMm npuzeodumb 00 3pocmaHHs weudkocmi eaHmaxy eid 1,28 pasu 0o 2,44 pasu. lNpu ubomy
36inbWeHHs1 Kyma Haxusly meipHOI KOHYCHOI nogepxHi wHeka 8id 1 epad 0o 2 epad 3abesneyye 3pO0CMaHHs
npodykmueHocmi 8 1,18 pasu, a 3MiHa 8efluU4UHU NpuUpocmMy KPOKY WHeEKa Ha KOXHOMY Mocrid08HOMY 8UMKY
8id 0,004 m 0o 0,01 m npuseodums Ao crnadaHHs rpodykmusHocmi e 1,07 pasu. 36inbweHHsT Yacmomu
obepmaHHs KOHycHoe2o wHeka 8i0 200 06/xs. 0o 500 o0b/xs. rpu3seodumsb Ao 3pocmaHHs MPOdyKmMU8HOCMI 8
2 pasu.
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INTRODUCTION

The development of production and improvement of the transportation machines’ efficiency can be
achieved due to the creation of new and improvement of available screw conveyors with advanced
technological capabilities. The application of such screw conveyors makes it possible to increase the
accuracy of bulk material feeding and provide wide range of transportation efficiency.

Screw conveyors with variable geometry of the screw operating body and casing in the direction of
material movement are designed to transport, mix and dose bulk materials and are usually installed at the
beginning of the screw conveyor transport system (Pysarenko et al., 1988; Zareiforoush et al., 2010; Loveikin
and Rogatynska, 2011; Aulin et al.,, 2019; Zalutskyi et al., 2018; Trokhaniak et al., 2020). Due to the
application of such conveyors, the accuracy of the minute feeding of bulk material increases (Tian et al.,
2018; Zaica et al., 2016; Zaica et al., 2020).

The use of variable speed drive increases the accuracy of bulk material dosing and ensures the
achievement of wide range of transportation productivity. Screw conveyors with variable geometry of screw
operating bodies are available in a wide range of cross-sectional dimensions, lengths, configurations and
construction materials (Hevko et al., 2021; Bulgakov et al., 2022; Bulgakov et al., 2023; Hud et al., 2023).
The SC loading area is usually completely filled with material under gravitation and connected to square,
rectangular or cylindrical hopper by means of conical or straight neck (Lyashuk et al., 2019).

In the papers of Haaker et al., (1993), Zaica et al., (2020), it was determined that the maximum amount
of material supply Qo per revolution of the screw operating body is the value equal to or less than 0.75Qmax,
where Qmax is the material supply being equal to the maximum value of the ratio of the turn pitch to the turn
diameter. Beyond this value, the increase of turn pitch does not provide the increase of material movement
productivity. Also, based on theoretical analysis, it was found that the minimum ratio of the turn pitch to the turn
diameter should be at least 0.25.

In the paper of Yongqin (1997), Lyashuk et al., (2018), Lyashuk et al., (2022), three main methods of
increasing material capture in the feed direction are proposed: the use of screw operating body with variable
turn pitch, with conical shaft of the screw operating body, and conical screw operating body.

In the paper of Fernandez et al., (2009), Moorthi et al., (2022), six different designs of screw
operating bodies are investigated for the determination of their effect on the efficiency of bulk material
transportation, uniformity of material capture from the hopper, and power consumption during transportation.

In the paper of Roberts (1991), Ross and Isaacs (1961) the interaction of bulk material particles with
each other were investigated in two different ways. Roberts, 1991, and Aulin et al., 2018, studied the vortex
motion of grains in the screw conveyor theoretically and experimentally. The measured free vortex motion
was correlated quite accurately with the obtained vortex motion of the grains based on theoretical equations.
However, during force vortex motion, the grain mass demonstrated behavior similar to that of the solid body,
while significant hysteresis effect was obtained in the resulting material vortex profile.

In the paper of Nilsson (1971), the theoretical analysis was based on the pressures generated
around the screw operating body in the axial plane. For screw conveyors, it is difficult to maintain high
efficiency at significant rotation speeds of the screw operating because centrifugal forces prevent bulk
material from entering the screw operating body. Such investigations and innovations will make it possible to
increase the efficiency of bulk materials transportation by designing and substantiating the screw conveyor
parameters.

On the basis of structural synthesis and experimental investigations (Mondal, 2021; Lyashuk et al.,
2023), it was found that conical screw conveyors, compared to cylindrical ones, make it possible to improve
the quality of mixing bulk material during its transportation. Therefore, it is necessary to investigate the
kinematics of bulk material movement in conical screw conveyor.

MATERIALS AND METHODS

During the operation of conical screw conveyor, the coordinates of bulk material placement and its
movement nature are determined by angular parameters 6; and 6 (Hevko et al., 2015; Lyashuk et al., 2019).
In order to determine the nature of load movement, let us consider the movement of the selected material
volume in Xyz coordinates (Fig. 1).
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4 2 3 1
Fig. 1 — Calculation diagram of the movement of a selected load volume in the conical screw conveyor
1 - drive shaft; 2 — conical screw; 3 — selected load volume; 4 — conical casing

The high-speed mode of conveyor operation, where simultaneous transportation and mixing of load
take place, is investigated. Under simultaneous contact of the selected material volume 4 with the surface of
the conical screw and the conical surface of the fixed casing, its placement is determined by radial parameter
Ro and angular parameters 6; and 6 (Hevko et al., 2015; Rohatynskyi et al., 2015; Yu et al., 2022).

Let us represent the change of the outer screw radius R and the inner casing radius by linear
dependence, where the initial radius of the screw Ry increases by AR for each subsequent turn.

One screw turn corresponds to the angular parameter 6:=2x, then the function of changing the screw
radius and load movement radius can be written as follows:

ARG
R(6,)=R,+ L, 1
(6.)=Ry+—— ()
The increase in the screw radius and the load movement radius on one turn is:
R_—-R
AR = —max 0 )
i
where Rma = maximum screw radius in the bulk material unloading area, m; i - is the number of turns

involved in the movement of bulk cargo along helical trajectory.
The number of turns involved in the movement of bulk cargo along helical trajectory is determined by
the following dependence:

==, 3)

where o, - angular velocity of bulk material movement, rad/s; t - time of cargo movement from the loading
area to the unloading area, s.
The time of cargo movement from the loading area to the unloading area is determined by the
following formula:
t= L 4)
(0—0,)T
where L - the length of the screw operating part, m; ® - the angular speed of the screw rotation, rad/s; T -

the screw turn pitch, m.
Having substituted Eg. 4 into Eq. 3, is obtained:

. o, L
| = ;, 5
(0-w,)T ©)
Then the increase in the screw radius and the load movement radius on one turn is:
T(R_.-R -
AR = ( max 0)((0 mV). (6)

o,L
In the parametric form, with sufficient approximation, the coordinates of the selected material volume
A are determined by the following dependencies:
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X, :(R0 + AI;ﬁeljcose;

Ya =(RO+A§:1]sin9; @

where: Xa, Ya, Za — are material coordinates, m.

The equations of conical screw with constant pitch T=2xnC rotating with angular velocity o in
parametric form are as follows:

X, = (RO +ARY, jcos(e1 +ot);
2n

y, = (RO + ARG, jsin(e1 +ot);
2n

8)
z, =cO, = (T /2n)6,.
The equation of the conical operating surface of the stationary screw conveyor casing looks like:
X, = (RO + ARS, ]cose2
2n
B ARG, ) . ]
yk_£R0+ o jsmez, )

Z, =U,,

where 06,— angular parameter of the point of the screw casing surface, rad; U, — radial parameter of the point
of the screw casing surface, m.

The projections of material movement velocity are found by differentiating the equations in Eq. 7:

X, = A_Rﬂcose—(Ro + AI:eeljsin 6@;
2n dt 2n dt
A:A_Rﬂsine+(Ro+ARel coseﬁ; (10)
2n dt 2n dt
_ l(m-@j
A on dt
The screw velocity is determined by the following dependencies:
% = —[Ro + AReljmsin 0;
27
Yis = (RO + ARG jcocos 0; (11)
2n
2, =0.

Taking into account dependencies in Eqg. 10 and Eq. 11, velocities of material movement relatively to
the screw in the direction of axes x, y, z are found:

&:A—R&cos(ﬂ R0+ARel sine(m—@j;
2n dt 2n dt

yle_R%sine_ RO+AR61 coso| 029 ); (12)
2n dt 2n dt

. T de
21:2— (,O—E .
|

The modulus of material velocity relatively to the screw and conical casing is determined by the
corresponding formulas (Rohatynskyi et al., 2015):
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|8 =5+ 57 + 2 (13)
|32|=,/>'<§+y§+z§. 14)

Having substituted Eq. 12 into Eq. 13 and Eq. 10 into Eq. 14, taking into account that the material is
in constant contact with the casing, after reductions, is obtained:

ARG\ T? doy 1 de, Y’
$|= ||| Ry+—= | + Jo-=—] +—=AR?*| 2| ; 15
|sl| \/[( ° 2n ) 4-7!2] [(D dt] 4? (dt) (15)
2 2 2 2 2
IS, = RO+ARel [@j +T—(m—@j 2 are( 90 ) (16)
2n ) \dt) 4.7° dt ) 4n dt
The acceleration of the material is found by differentiating equations in Eq. 10:

2 2 2
X‘A—ﬁd % cose—A—R&sinG@—(RO+AR61jcose[@j —[RﬁAReljsined—e'

 2n dt? n dt dt 2 dt 2 dt?’

2 2 2
yA:A—Rd 61sin6)+A—R%Cose@—(R0+—AR91j5ine(@j +[RO+AR61jcosed—e; (17)
2 dt? n dt dt 2n dt 2n dt?

T d?0
ATT oo
27 dt

Let us consider the stable mode of cargo movement in high-speed conical screw conveyor-mixer,
where the material moves along helical trajectory (Fig. 2) and for which the following conditions are provided
at the steady-state mode:

de d?e de d®o
—=const=0w,; —=0; —*=const=0,; —*
dt dt dt dt
For the provided conditions from Eq. 12, the projections of the material movement velocity relative to
the conical screw on the axis of coordinate system xyz are found:

=0.

. AR ARt . .
b= 0% o 00+ R+ 252 Jin (1) (0- )
Vi = ARO sin (oovt)—(R0 + ARmvt]cos(mvt)(oo—oov); (18)
T 2n
T
4 _Z_n(w_m")

139.54
47.22
X, mm

—45.11

—137.44

Fig. 2 — Chart of the bulk cargo trajectory in high-speed conveyor with the screw and conical casing:
Ro=75 mm; Ryax= 140 mm, L =1000 mm, AR =3,97 mm, i= 16
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Projections of the material velocity relatively to the conical casing on the axes of coordinate system x)z:

. ARo ARt ) .

X, = va Cos(wvt)—[Ro + 27tv jsm(mvt)wv;

. ARo, . ARm,t

Y, = Zn" sm((ovt)+(R0 + va jcos(mvt)(ov; (19)
. T

22 :ﬁ((ﬂ—(&)v).

The modules of the material velocity from Eq.15 and Eq.16 are determined by the following formulas:

. ARo,t : 1 2] 2 T? 2
I3,|= [[RO+ - j +FAR ]mV+4'n2 (0-0,)". (21)
The material acceleration is determined by Eq.17:
g, = - 2R sin(wvt)—(Ro +%’vtjm§ cos(t);
§ip = Aims cos(mvt)—[R0 + AR:"tjmf sin(o,t); (22)
7, =0.

Based on Eg. 20, the graphs of changes in the velocity of the movement of material selected volume
relatively to the screw in conical screw conveyor were constructed (Fig. 3, Fig. 4).

Based on the graphs in Fig. 3 and Fig. 4, it was found that the increase in AR of the cargo movement
radius on one turn of the conical screw conveyor significantly affects the increase in the cargo speed, which
contributes to the intensification of the mixing process. That is, the increase in the growth AR of the cargo
movement radius on one turn from 1 mm to 5 mm results in the increase in the cargo speed from 1.28 times
to 2.44 times.
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Fig. 3—Chart of changes in the velocity of the
movement of material selected volume relatively to the
screw in conical screw conveyor over time Ro=75 mm:

1-AR=1mm; 2- AR=3mm; 3— AR =5mm

RESULTS

Fig. 4 — Chart of changes in the velocity of the
movement of material selected volume relatively to
the screw in conical screw conveyor from the
increase in the cargo movement radius on one turn:
1-Ro =70 mm; 2 — Ro =80 mm; 3 — Ry = 90 mm

In order to carry out experimental investigations, a special laboratory installation was designed and

manufactured. It includes: multifunctional screw conveyor, replaceable conical-shaped casings, screws with
variable turn pitch, screws with corrugated surface and variable pitch for mixing materials during
transportation. The installation is shown in Fig. 5.
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The installation structure features include the use of conical screw conveyor-mixer equipped with the
casing with adjustable hole sizes designed to spill the material during transportation. It makes possible to
increase the transportation efficiency by mixing bulk materials with simultaneous stirring.

‘ = a ,f PC
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Fig. 5 — Experimental installation for the investigation of conical screw conveyor-mixer characteristics:
a — general view of the installation; b — schematic diagram of the installation; 1 — screw shaft; 2 — screw surface with the increasing gap
between the shaft and the screw; 3 — conical casing; 4 — mechanism for adjusting the overload height; 5 — unloading nozzle; 6 — frame;
7 — movable table; 8 — hopper; 9 — electric drive; 10 — belt drive; 11 — drive rotation frequency converter; 12 — personal computer; 13 —
accelerometer DN-3-M1; 14 — accelerometer DN-4-M1

After calculations, design and manufacture of the screw conveyors, the following limits of variation of
input factors were determined:

- the amount of the screw pitch increase on each subsequent AT = 0.004-0.01 m;

- the inclination angle of the screw conical surface a = 1-2 deg;

- the speed of conical screw rotation n = 200-500 r/min;

- height of the protrusions (corrugations) on the outer diameter of the screw surface A = 0.004-
0.012 m;

- rotational speed of the corrugated screw n; = 70-270 r/min.

The main design parameters of the conical screw are determined:
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- for the lower level of variation of the experimental factors: maximum pitch of the conical screw on the
last turn Tmax = 0.129 m, maximum diameter of the conical screw Dma = 0.151 m, the number of turns i = 13;

- for zero level of variation of the experimental factors: maximum pitch of the conical screw on the last
turn Tmax = 0.156 m, maximum diameter of the conical screw Dmax = 0.175 m, number of turns i = 11.86;

- for the upper level of variation of the experimental factors: maximum pitch of the conical screw on the
last turn Tmax = 0.178 m, maximum diameter of the conical screw Dmax = 0.2 m, number of turns i = 10.84.

For the research, 18 different types of conical screws were manufactured. Experimental investigations
of the designed and manufactured laboratory model of the multifunctional screw conveyor with replaceable
casings and conical screws with variable pitch and with special corrugated conical screws with variable pitch
for materials mixing during transportation were carried out. During these investigations the regularities of
changes in the productivity of screw conveyors with ordinary conical screws from changes in three main
factors were established: the value of the increase in the screw pitch AT at each step, the angle of inclination
of the conical screw surface a, the screw rotation frequency n during the transportation of wheat and pea
grains, and the efficiency of screw conveyors with common conical screw depending on changes in three
main factors: the increase in the pitch of corrugated screw on each subsequent turn A7, the height of the
corrugations on the outer diameter of the screw surface 4, and the corrugated screw rotation frequency ni.

The general view of the regression equations for the efficiency of screw conveyors with common
conical screws from changes in three main factors: the value of the increase in the screw pitch on each
subsequent turn AT, the angle of inclination of the conical screw surface a, the screw rotation frequency n,
i.e., Q1=1(AT,0,n) based on the results of full factorial experiments 3% and the regression equation for
determining the efficiency is derived:

- for wheat transportation:
Quuar on = 0499 —49.66AT +0.3930. +0.0164n ~10AT o —

—0.0889ATn +0.00233cun + 2555.55AT * —0.0268a.” —7.42-10°°n?;

- for peas transportation:
Qip(a oy = 0.605-67.722AT +0.3450. +0.01387n —8.66AT o —

~0.0777ATn +0.00204an + 2222.22AT * —0.02350.” - 6.49-10° n’.

(23)

(24)

Based on the obtained results of experimental investigations and the derived regression Eqg. 23 and
Eq. 24, the response surfaces of the dependence of the efficiency of moving bulk material by screw conveyor
with common conical screw with variable pitch of turns were constructed using software, as shown in Fig. 6.
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Fig. 6 — Response surfaces of the dependence of efficiency Q on the conveyor drive:
a— Q=f(AT, a) atn =350 r/min; b— Q =f(AT, n) ata = 1.5deg.; c— Q=1(n, a) at AT = 0.004 m

From Figures 6 and regression equations Eq. 23 and Eq. 24, it can be concluded that with the
increase in the angle of inclination of the generative conical surface of the corrugated screw, the screw
rotation frequency, and the decrease in the value of the incremental screw pitch at each subsequent turn, the
efficiency of transporting bulk material increases. Maximum efficiency during wheat transportation was 9.44
t/h, and the minimum was 3.8 t/h. Maximum efficiency during the transportation of peas was 8.26 t/h, and the
minimum was 3.32 t/h.
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The increasing in the speed of conical screw N from 200 r/min to 500 r/min resulted in 2-fold increase
in transportation efficiency. At the same time, the increase in the angle of inclination of the screw conical
surface a from 1 degree to 2 degrees resulted in the increase of efficiency by 1.18 times, and change in the
value of the increase in the screw pitch on each subsequent turn AT from 0.004 m to 0.01 m resulted in the
decrease of efficiency by 1.07 times.

In order to implement the procedure for processing experimental data according to the method
described in (https://www.hbmprenscia.com, https://www.ncode.com), the operation project containing the
following structural elements (glyphs): Excel Input, Multi Column to Time Series, Butterworth Filter, Meta
Data Display, Time Series to Multi Column Output, Frequency Spectrum and XY Display was constructed.
The general view of the interface of the operation project for processing experimental data in nCode
GlyphWorks environment is shown in Fig. 7.
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ol g Export c | Display O
i YTile YUnits SampleRate NumPoints Length Base Max Min Range Mean S.D. R.M.S,
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Fig. 7 — General view of the operation project in nCode GlyphWorks environment

The results of experimental data processing by nCode GlyphWorks for individual combinations of the
investigated parameters are shown in Figs. 8 -11.
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Using the SOLIDWORKS software package, a computer simulation of a screw conveyor for
transporting bulk materials was created. To model the per-second throughput of the screw conveyor, the
discrete element method (Rocky DEM) - a numerical method designed for calculating the movement of a
large number of particles such as molecules, sand grains, gravel, and other granular media—was employed

(Fig. 12).
L 4((Em

©)
Fig. 12 — Graphical dependences of the second efficiency Q of the screw conveyor
on the rotational speed of the operating body n =300 r/min at a = 10 deg

During the simulation of the screw conveyor for transporting bulk material, it was established that for
an inclination angle of a=10° and a rotational speed of n =300 rpm, the maximum throughput of the screw
conveyor is observed between 7 and 10 seconds after startup when the hopper is filled with material. It was
precisely within this time interval that samples were taken and the grain material was weighed to determine
the per-second throughput of the screw conveyor.

Based on the analysis of computer simulation results of the grain material transportation process, it
has been established that the per-second throughput Q of the screw conveyor increases linearly with the

rotational speed n of the working element in the range from 200 to 500 r/min. However, a further increase in
n does not contribute to the conveyor’'s throughput growth and even slightly decreases its value. This is
explained by the fact that significant centrifugal forces hinder the normal loading of the conveyor. When
determining the per-second throughput of the screw conveyor for other values of a and n, corresponding
time intervals were identified during which the conveyor’s throughput was maximal. Specifically, by
increasing the internal diameter of the casing from 150 to 200 mm and within the inclination angle range of
the working element to the horizon a = 0...10, the throughput of the transportation process increases by
1.18-1.23 times.
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CONCLUSIONS

The technological process of bulk materials transportation by conical screw conveyor is theoretically
substantiated in order to determine the kinematic and operational parameters that ensure its stable
operation. The analytical dependences for determining the change in the outer radius of the screw R and the
inner casing radius at which the initial radius of the screw Ry increases by value AR at each subsequent turn,
are obtained. It is found that the increase in AR of the cargo movement radius on one (each subsequent) turn
of the conical screw conveyor significantly affects the increase in cargo velocity, which contributes to the
intensification of the mixing process. In particular, with the increase in radius AR of the cargo movement on
one (each subsequent) turn from 1 mm to 5 mm, the load movement velocity increases from 1.28 times to
2.44 times.

Bench equipment for the investigation of the bulk materials transportation efficiency was developed
and manufactured. In the course of experimental studies, it was testified that with the increase in the
inclination angle of the screw conical surface, the screw rotation frequency and the decrease in the screw
pitch growth at each subsequent turn, the maximum efficiency during wheat transportation was 9.44 t/h, and
the minimum was 3.8 t/h. With the increase of the conical screw velocity N from 200 r/min to 500 r/min, the
efficiency increases by 2 times. At the same time, the increase in the inclination angle a of the forming
surface of the conical screw from 1 degree to 2 degrees provides 1.18-fold increase in efficiency, and the
change in the value of the screw pitch growth on each subsequent turn AT from 0.004 m to 0.01 m results in
1.07-fold decrease in efficiency.
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