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Abstract

In this paper a theoretical study is presented about the possibility of reducing the quasi-impulsive load components,
which act on the rotors of the three-screw pumps in the rotational axial direction. These forces can be related, on the
basis of previous experimental and analytical studies by the same authors, to the noise emission of the pump.

The analysis is carried out by the systematic variation of one of the design parameters of the rotors, i.e. the semi-
amplitude of the threaded zone of the screws, by using the analytical tools previously set-up for the study of the dynamic

loads on the standard rotors.

Finally, it is shown that a suitable choice of this design parameter on one hand allows to cancel the quasi-impulsive
load, on the other hand has a positive effect on the loads on the cross section.
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1 Introduction

The starting points of this paper derive from previ-
ous studies of the same authors, in which they have
developed an analytical model of three-screw pump
rotors for the calculation of the dynamic loads (Mimmi
and Pennacchi, 1998c). Along with these studies, ex-
perimental tests have been carried out in order to find
the noise sources in these pumps (Mimmi et al, 1997)
and devices for the noise emission reduction have been
set-up (Mimmi and Pennacchi, 1998a). The noise emis-
sion reduction is a very important task for this type of
pumps. In fact, among the different uses of the three-
screw pump, that range from petrochemical industry to
oleodynamic devices, an important application is the
use as power unit for lifts in civil buildings. For this
application it is important a particularly regular flow
rate, which is an intrinsic characteristic of three-screw
pumps, and a low level of noise emission.

In order to better understand the aims that have led
to this study, it is useful to briefly resume the results
obtained up to this time.

The analytical model, evaluated on the basis of
standard design parameters (Mimmi and Pennacchi,
1998d), has shown an interesting behaviour of satellite
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screws that present quasi-impulsive twice per revolu-
tion dynamic loads in the rotation axis direction. In the
plane normal to the rotation axis the dynamic load vari-
ation is periodic and limited in a specified angular
range, which is almost corresponding with the wear
zone that is find out in the pump housing after a certain
operating life.

The studies on the noise emitted, which were carried
out by means of the sound intensity technique (Mimmi
et al, 1997; Mimmi and Pennacchi, 1998a), have shown
that the main source of the noise can be located in the
exhaust port and that the noise spectrum presents strong
peaks in correspondence with the same harmonic com-
ponents of the quasi—impulsive loads along the rotation
axis. The modification proposed, and subsequently
experimentally tested in Mimmi and Pennacchi
(1998a), which consists of bypass channels between the
chambers where the working fluid is transported and
the delivery, are altogether effective for the noise emis-
sion reduction. However the frequency analysis shows
that these devices are not likewise effective at the fre-
quencies of the quasi-impulsive loads and at their supe-
rior harmonics, as expected by the developed theory.

The analytical tools employed here are the same
used for the analytical model of the dynamic loads in
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(Mimmi and Pennacchi, 1998c, 1998d) and briefly
summarized in the following. The present theoretical
study takes into account the possibility of reducing, or
completely cancelling, the quasi-impulsive loads by
optimising the design parameters.

The three-screw rotor design follows traditional
rules that determine the ratios between inner and outer
radiuses and the pitch radius. Among all the possible
design parameters, whose minimum number determina-
tion is based on the study of the rotor geometry (Mimmi
and Pennacchi, 1995), it has been chosen to vary the
angle » which represents, on the cross section, the
semi-amplitude of the worm of the central screw and
therefore of the vane of the satellite screw (Fig. 1). In
fact, a modification of the worm height, which could
have interesting effects on the volumetric efficiency
(Mimmi and Pennacchi, 1995), conflicts with the tradi-
tion rules and can weaken the satellite screw. Moreover
a modification of the further design parameter, i.e. the
helical pitch, has influence on the loads amplitude only
(Mimmi and Pennacchi, 1998c), besides the flow rate,
but not on their quasi-impulsive behaviour. Finally the
helical lead angle is not an independent parameter,
since it is function of the axial pitch and the pitch radi-
us. The number of pitches, anyhow greater than a min-
imum value, that determines the length of the screw is
not influent since for the loads determination it is suffi-
cient to consider the last pitch towards the exhaust only
(Mimmi and Pennacchi, 1998c).

The paper is organised as follows. In section 2 the
results of a sound intensity measurements campaign are
shown, in order to highlight the frequencies at which
the noise emission is due to mechanical rather than fluid
action. In section 3 the analytical model employed for
the determination of the dynamics of the pressure loads
on the pump rotors is briefly resumed and the expres-
sion for the calculation of the force is given. The results
of the simulation are shown in section 4, where the
twice per revolution components of the dynamic load
are correlated to the harmonic components in the noise
spectrum. Finally, in section 5 the possibility of reduc-
ing the dynamic load and the noise emission by varying
the rotor geometry is illustrated.

2 Sound Intensity Measurements

In order to accurately analyse the characteristics of
the noise emitted and possibly correlate the quasi-
impulsive forces to the noise emission, a sound intensi-
ty measurements campaign has been carried out. In
particular, the amplitude and frequency of the harmonic
components along the body of the machine have been
considered (Mimmi et al, 1997; Mimmi and Pennacchi,
1998a).

The set-up of traditional measurement techniques
for the noise emission would have required a specific
test rig in an anechoic chamber, to eliminate the sound
emitted by the motor which drives the pump. This de-
termines evident high costs and delays. The use of the
intensity technique instead permits to avoid those prob-
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lems (Fahy, 1989; Norton, 1989 and Mattia, 1990), by
making the measurements directly on the field of the
actual test circuit set-up in an industrial plant. In this
case, it is not required to stop the other production
cycles, and the sound power emitted by the pump in
various working conditions can be satisfactorily distin-
guished from that of the motor.

Helical pitch

| Helical lead
' angle

e B

Epitrochoid arc

Fig. 1: Central and satellite screws

The sound intensity measurement procedures are
described by 1SO 9614-1 (1993) standard for the meas-
urement at discrete points. In the case under exam this
standard has been followed and besides other sugges-
tions given in literature have been considered to obtain
correct results (Jacobsen, 1994; Shirahatti and Crocker,
1994 and Schomer, 1996). The positioning of the sound
intensity probe on the reference grid has been made
manually. However it is possible to use automatic posi-
tioning by special devices and greater costs (Cervera et
al, 1994 and Ravina, 1996).

The pump examined, was characterised by a flow
rate of 0.005 m*/s and is driven by a three-phase elec-
tric asynchronous motor with an operating velocity of
2950 rpm and a power of 18.5 kW.

The pressure stage of the pump was fixed at the val-
ues 0-2-4 MPa. The atmospheric pressure and the tem-
perature, which are to be considered for the measure-
ment and the calculations, were also measured during
the testing session.

The instrumentation used for the sound intensity
measurements was composed of: a sound intensity
analyser Larson & Davis 2900, first used as sound-level
meter for the measurement of the noise of the environ-
ment and then as intensity meter for the following direct
measurements on the examined mechanical compo-
nents; a sound intensity probe L & D 2250, made by
two 1/2" “face-to-face” (p-p) microphones, with a sepa-
ration distance of 12 mm; this separation value gives
sufficient precision up to 5 kHz.

The probe has been calibrated (IEC 61043-1993
and IEC 60942-1997 standards) before the measure-
ment session, since the most common error cause in this
kind of measurement is the channel phase difference
between the two microphones of the probe, as reported
in literature (Fahy, 1989; Jacobsen, 1994; Jacobsen and
Olson, 1994; Jarvis, 1994) and where the influence of
air flows close to the probe on the measurement errors
is stressed too. So the probe was shielded by a porous
foam windscreen.
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For the measurements, a discrete point method with
a grid of 10x10 cm on four sides has been used (see
Fig. 2), since two sides are shielded by metal plates
which are the base and the pump support respectively.
A thicker grid, of the type sometimes referred to in
literature (Yokoi and Nakai, 1994), has not been used
due to the pump dimensions and to the necessity of
using a porous foam windscreen.

Therefore, 45 measurements have been made on the
surface which encloses the pump, with an integrating
time of 10 s each.

The acoustical analysis of the driving motor has
been done by 59 measurements on a similar grid at the
beginning of the measurement session.

The test rig was positioned inside a large shed, with
an optimum disposition for all the sides except for the
left that was adjacent to a wall.

As is well-known, the sound intensity vector I has
the following definition:

| = %_T([ p(x,t)- v(x,t)dt 1)

\- = - sound intensity /
s probe /
Fig. 2:  Scheme of the measuring grid

Since it is hard to evaluate the velocity v(x, t) at the
measurement point, the p-p probes, which is adopted
here, use Euler’s equation for the determination of the
velocity on the basis of the pressure gradient and reduce
the latter to a finite difference (Norton, 1989). In prac-
tice, along the direction normal to the measurement
surface, the sound intensity I,, is measured as:

T

1 P+ P, | }
I, =- L =22 1(p,—p,) dr|dt )
Py AX-T 2 l( LY
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The integration of all the sound intensity data,
measured at all the points of the grid which is the wrap-
ping surface of the noise source, allows to obtain the
sound power emitted by the pump or by the electric
motor in the different configurations:

17 =[1,ds (3)

The sound power levels have been measured and the
sound intensity maps for all sides and measurement
configurations have been traced. A meaningful sample
of one of these is shown in Fig. 3.

wopes ]|
Jigde

[
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Fig.3: Sound intensity 1, map for the top side of a
0.005 m%/s pump at 4 MPa, A-weighted

As expected and as reported in Table 1, the sound
power level emitted by the screw pump increases as the
pump pressure stage increases.

Table 1: Sound power levels

Pressure stage Sound power IT level
[MPa] [dB(A)w]
0 74.5
2 75.7
4 77.8

The sound intensity maps, which has been obtained
by interpolation of the measured values of the sound
intensity on the measuring grid, show some zones with
relevant noise emission: on the top side a peak is pre-
sent for all three of the pressure gaps (see Fig. 4). The
exhaust port of the pumped fluid is positioned in that
zone. The maps of the measurements carried out on the
right and the front side of the pump show a noise con-
centration at the intake port. So we can infer that the
most important noise sources of three-screw pumps are
mainly the intake and the exhaust zones.

The analysis should not stop to the levels, but have
to consider also the noise spectrum. Figure 4 shows a
1/3 octave band noise spectrum obtained, in which
peaks appears on 100, 200...Hz. In order to better
explain those peaks, the rich content of frequency
which has been measured, and to possibly distinguish
the noise sources, a theoretical model for the determina-
tion of the dynamics of the pressure loads on the pump
rotors has been proposed by the authors (Mimmi and
Pennacchi, 1997a, 1998c, 1998d) and is briefly re-
sumed in the following section. This can help us to
identify at which frequencies the noise emission is
mainly due to mechanical rather than fluid actions.
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Fig. 4:  Noise spectrum

3 The Analytical Model

In this section the analytical model employed is
briefly resumed. This consists of two parts: first the
analytical model of the rotor is obtained as shown also
in Mimmi and Pennacchi (1998c). Then the loads act-
ing during the rotation are calculated, following Adams
and Soedel (1994, 1995).

An analytical model of the rotors is defined by
means of the surfaces in the space® that compose it and
that define several helicoids. Those surfaces, Fig. 5, are
defined by the general equation in parametric form
P =P (u, 9. Besides each surface, i.e. each flank of the
screw, can be described by a vector R; in the space®:

R (u.¢.9)=B(u) Alp) (%) )

where r;(9) is the vector in the plane xy which paramet-
rically expresses one of the lines that form the cross
section, i.e. the profile of the screw. For instance one of
the epitrochoid arc of a satellite screw can be represent-
ed by:
2rcos(9—y+ f)-r,cos(29 -y + )
—2rcos(9 -y + B)+r,cos(29 -y + )
0
1

r(9)= )

where yand g are the design parameters, see Fig. 1, and
$ is one of the surface coordinates variable in a range
that is function of yand g.

The matrix A(g) is the clockwise rotation matrix in
the plane xy of the complete helicoid and introduces the
rotation of the screw along the z axis. If the central
screw rotates counter clockwise, both satellite screws
rotate clockwise.

cos(~p) -sin(-gp)
Alp)- sm(o—go) COSE)_ )
0 0

0
0
X ©)
0

R O O O

In fact, by multiplying the vector r;(9) by the ma-
trix A(o) the arc given by Eq. 5 is rotated to —¢ and we
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obtain the vector which describes the arc in the plane?.
This transformation is necessary because the sectors of
surface, which are used for the calculation of the dy-
namic loads, vary as functions of rotor rotation angle ¢.

.

i Surface 7
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§§§§§§\g

\\\\x\\\§\\§ Surface 3
RN

| . I_ \\\ N

Surface 8

Seal curve

Fig. 5: Helicoids that compose the rotor surface

The matrix B(u) is the screw motion matrix that en-
velopes the rotor surface from its section and has the
following expression, by considering left-handed
screws and the fixed reference system with the origin
on the central screw rotation axis:

cos(-u) -sin(-u) 0 =#2r
_|sin(-u) cos(-u) 0 O
B(u)_ 0 0 1 au )
0 0 0 1

where u is the second surface coordinate variable in the
range [0, 2x].

The screw flank is therefore obtained by multiplying
the vector A(@)ri(9), which is its base rotated in the
plane xy of ¢, by the matrix B(u). The resulting vector
R describes the considered flank in the space®.

Once the helicoids that compose the rotor surface
are defined, it is necessary to determine the chambers,
see Fig. 6, occupied by the fluid under pressure towards
the exhaust. This is possible by defining the contact
lines, i.e. the seal curves, between the satellite and the
central screw as shown in Fig. 5 and analytically Mim-
mi and Pennacchi (1998c).
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Chamber

Left satellite screw

Central screw

Fig. 6: Chambers between the rotors

Then it is possible to evaluate the dynamic loads by
means of the method proposed in Mimmi and Pennac-
chi (1998¢) and Adams and Soedel (1994, 1995) under
some hypotheses of regularity for the surface P, which
are generally satisfied in this case, and for a given value
of pressure p. In the case examined, the force only, and
not the moment, is considered.

Finally, it is possible to define the sector of surface
S on the flanks of the rotors, see Fig. 7, where the work-
ing pressure p acts. Let dS be the area of a general in-
finitesimal element in the neighbourhood of a general
point Q(x, y, z) of the surface sector S expressed in
parametric form as function of u and 9 The force dF
on the infinitesimal element dS can be calculated as
follows:

dF = pn dS (8)

\
{‘\\\\\\\ A\

L2227

\{

X Y

Fig. 7:  The surfaces on the satellite screw where the pres-
sure act are darkened

Since all the helical surfaces used for the modelling
of the rotors are regular, the resulting force F can be
calculated by means of surface integral:
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F=p[ndS=p[ n|P,xP,[dA=

P, x Py

-P A|Pu XP9|

P, xPy[dA=p[ P, xP, dA )

where A is the domain of the surface parameters u and
9, which is function of ¢, since the sectors of surface
change with the angular position and P, and P4 are the
partial derivative respect surface parameters u, 4 of the
parametric expression of the surfaces representing the
rotor. Moreover the sectors of surface are made by
different sub-sectors of surface on the different flanks,
so the loads are eventually obtained by the sum (10)
extended to all the flanks of the screw:

Flo)=p[ [, P %Py aA(0)] (10)

Equation 10 is then decomposed in its components
Fx and Fy in the plane normal to the rotation axis and
F, along the same axis. The calculation is not trivial
since it is necessary to consider the variation of the
integration domain due to the rotation of the screw
rotors.

4 Dynamic Load Simulation

The simulation of the dynamic behaviour of the sat-
ellite screw has been done in a case characterised by
1 MPa working pressure and by the following geomet-
rical parameters: outer radius of the central screw
re=22.5 mm, pitch radius r = 13.5 mm and pitch
90 mm. The angle of semi-amplitude y ranges between
34° 1o 47°.

First of all, let’s analyse the component along z axis,
by considering Fig. 8 and Fig. 9 that show F, as func-
tion of both the rotor rotation angle ¢ and y. In particu-
lar it can be observed in Fig. 8 that in correspondence
of the value of y equal to 34° or 47°, i.e. the extreme
values of the considered range, the dynamic load has a
constant and small value with superimposed a quasi-
impulsive twice per revolution load. This main harmon-
ic also clearly appears in the frequency analysis of F,
shown in Mimmi and Pennacchi (1998d).

In Fig. 9 a close-up particular of a 3D diagram is
shown, close to the first of the two values of the rota-
tion angles corresponding with the quasi-impulsive
load.

By considering the behaviour in the plane xy, nor-
mal to the rotation axis, the diagrams of F, and F, do
not show meaningful differences in the shape in the
range from 34° to 47° from the diagram shown in
Mimmi and Pennacchi (1998d) for y equal to 45°. The
component along x (Fig. 10) presents two jumps, in
correspondence of ¢ equal to 90° and 270°, with a
twice per revolution main harmonic component.

A similar behaviour, with a twice per revolution
main harmonic component, is shown in Fig. 11 for the
component along y.

These twice per revolution components of the dy-
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namic load can be correlated to the strong peak at
100 Hz of the noise spectrum in Fig. 4. Since the motor
has a revolving speed equal to 2950 rpm, the twice per
revolution harmonic component has the frequency of
about 100 Hz, while higher order harmonics have the
frequencies of about 200 Hz, 300 Hz, etc.

By using this model, we can argue that the noise
emission peaks of Fig. 4, corresponding to the indicated
frequencies, are strictly related to the mechanical inter-
action between the rotors and the rotors and the case.

The other frequencies of the significant peak of
noise emission can be attributed to the fluid action.

5 Reduction of Dynamic Load and Noise
Emission

The presented simulated calculations of F, (Fig. 8,
Fig. 9) also show that, for y values greater than 45°,
which is the value commonly adopted, the angular am-
plitude, i.e., the range of ¢ in which the load in z direc-
tion has an high value, of the quasi-impulsive load has
an increasing trend, while the amplitude is practically
unchanged. The behaviour is different for values of y
less than 45°, in correspondence of which the angular
amplitude of the quasi-impulsive load has a decreasing
trend. The cancellation of the quasi-impulsive compo-
nent along the z axis, in the case considered here, hap-
pens in correspondence of y value equal to 37°, when
the load is constant and small. For y values less than
37° the quasi-impulsive load reappears in opposite
direction.

By considering Fy (Fig. 10), we note that the ampli-
tude of the twice per revolution components has a de-
creasing trend with the reduction of y. In particular for
y=37°, the jump amplitude is reduced of about 20% in
respect to y=45°,

A similar result is obtained for F, (Fig. 11), but in
this case the reduction of the amplitude is of about
10%, when y varies from 45° to 37°. It has been shown
in Mimmi and Pennacchi (1998d) that the component
of the dynamic loads in the plane xy are related to the
wear produced by the screw rubbing on the housing,
therefore the amplitude reduction of the components Fy
and F, will have a positive effect on reducing the wear
too. The direction of the forces on the left satellite
screw and their maximum and minimum values for y =
45° are reported in Fig. 12.

Finally the choice of a suitable value of y allows to
cancel the quasi-impulsive load along the rotation axis
and reduces also the loads towards the housing. As a
consequence of the correlation shown in the previous
section of the quasi-impulsive component to the noise
emission, it is right to expect a noise reduction, at least
at the frequencies that have been eliminated. However
the satellite screws, and obviously also the central, are
different from the standard morphology (Fig. 13).
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So the machining of these screws requires the use of
special tools, whose design can be made following the
methods reported f.i. in Litvin (1994), Mimmi and
Pennacchi (1997b). Another disadvantage of the choice
of a y value less than the standard is the reduction of
the section of the chambers. So if all the other design
parameters are unchanged, the flow rate is reduced as
follows from Mimmi and Pennacchi (1995).

0 90 180 270 360

Z
< -200
©
o oo
o y=34
[

L N | N |

\y =47°
-600

Rotor rotation angle ¢ [degrees]

Fig. 10: Dynamic load F, along rotation axis as function of
worm semi amplitude yand of rotor rotation angle ¢
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Fig. 11: Dynamic load F, along rotation axis as function of
worm semi amplitude yand of rotor rotation angle ¢

Left satellite screw housing

Frnn=514.68 N

. Haif bottom pump case

Fig. 12: Direction of the forces on the left satellite screw
and their maximum and minimum values for y =
45°
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Fig. 13: Comparison between modified (left) and standard
rotor (right)

6 Conclusion

In this paper a study is presented about the optimi-
sation of the design parameters of the three-screw pump
rotors in order to verify the possibility of cancel the
quasi-impulsive dynamic load along the rotation axis of
the screws. It is possible to show that the loads have
components related to the peaks in the noise emission
spectrum of the pump. It is verified that a suitable dif-
ferent choice of the semi-amplitude of the worm, usual-
ly equal to 45°, permits not only the cancellation of the
quasi-impulsive component, but it is also effective in
the reduction of the dynamic loads in the plane normal
to the rotation axis.

Therefore it is possible to obtain positive effects re-
ducing both the noise emitted and the wear of the hous-
ing. However some negative aspects are present, which
are relative to the variation of this design parameter,
such as the necessity of designing special machining
tools and the reduction of the flow rate, being the others
design parameters unchanged.

Nomenclature

A(p) clockwise rotation matrix
A surface coordinate domain

a helix angular pitch

B(u) screw motion matrix

F force vector

F force vector component

sound intensity vector
n sound intensity along the direction normal to
the measurement surface

n normal vector
P surface function
p working fluid operating pressure
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surface vector
r line vector
rotor pitch radius, central rotor inner radius,
idler rotor outer radius
central rotor outer radius
sector of surface
measurement surface
time period
measurement time
surface coordinate
velocity at the measurement point
measurement point
angle subtending an epicycloid or epitrochoid
arc
distance between the two microphones
semi-amplitude of the worm of the central
screw in the cross section (semi-amplitude of
not threaded zone of the screws)
7 rotor rotation angle
I sound power
£o
9

—_

X< S+ 40 n=

X B
=

density
surface coordinate
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