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ABSRACT

The angle-resolved mean and turbulence characteristics of axia air flow within the rotors
and discharge chambers of a screw compressor have been measured, using a laser
Doppler velocimeter (LDV) with high spatial and temporal resolution. The measurements
were made through special transparent windows fixed in the compressor casing and in the
exhaust pipe immediately above the discharge port. Results were obtained at a speed of
1000 rpm, a discharge pressure 1 bar and atemperature of 57°C.

The flow interaction between the rotors and the discharge chamber was established as
well as the spatial variation of the axial mean velocity and turbulence velocity
fluctuation. It was shown that the discharge flow was complex, strongly time dependent
and controlled by several mechanisms. In general, the axia velocity, on entering the
working chamber, downstream of the discharge port exit was higher than that
immediately upstream with large variation in mean and RM S velocities immediately after
the opening of the discharge port, then flow becomes more uniform. The high velocity
values and large fluctuation are mainly controlled by the pressure gradient across the port
at the very beginning of the discharge process, after that, as the port opens wider, uniform
flow isinfluenced mainly by the rotor action.

These measurements will be used as input data, for more reliable optimisation of
compressor design, and also to validate a CFD model of fluid flow within twin screw
compressors, already devel oped in-house.
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NOTATION

Dy main rotor pitch diameter Yp Xp Zp cartesian coordinate of the CV (discharge)
H), axial position of the CV (rotor chamber) 0 angular position of CV (rotor chamber)

Ry, radial position in the CV (rotor chamber) ¢ helix angle at the pith diameter

Re Reynolds number W viscosity

N compressor speed p density

V|, Pitch axial velocity



INTRODUCTION

The basic method of operation of screw compressors iswell known and has already been
described in some detail in [2 and 5]. However, to make further improvements and
optimise the design, it is essential to have a good understanding of the gas flow by
guantifying the velocity field in the suction, discharge and working chambers and,
especialy, through the clearance gaps, based on a 3-D model, so as to characterize the
whole sequence of processes that occur within the compressor.

The total number of papers published on the flow characteristics within twin-screw
compressors is rather small compared to the published work on other types of machine
such as a turbocharger. Many overall measurements of screw compressor performance
have been reported, such as those in [2 and 5]. However, the investigations of [1, 3 and
4] seem to be the only reported experimental works on flow behaviour in screw
compressors or screw superchargers in which local quantitative measurements are
described.

The material presented in this paper is part of along term research project attempting to
measure the fluid mean velocity distribution and the corresponding turbulence
fluctuations at various cross-sections across the discharge chamber to characterise the
flow development through the port of the compressor at different phase angles. The
overall aim is to reveal how maor features of the fluid flow within the machine are
affected by the rotor geometry and operating conditions.

In addition to the flow measurements, other properties of the compressor, such as the
suction and discharge pressures and temperatures have been measured with standard
|aboratory-type instruments and compared with predicted values of the same properties
derived from an existing CFD model [5]. This comparison has allowed validation and
further development of the CFD package to a stage which will render it possible to design
future screw compressors without the need for expensive and time-consuming
experiments.

As described above, the flow in screw compressors is complex, three-dimensiona and
strongly time-dependent similar to the in-cylinder flows in gasoline and diesel engines [6-
7], centrifugal pumps [8], or in turbocharger turbines [9-11] and mixing reactors [12].
Thisimplies that the measuring instrumentation must be robust to withstand the unsteady
aerodynamic forces, have high spatial and temporal resolution and, most importantly,
must not disturb the flow. Only point optical diagnostics like LDV can fulfil these
requirements, as demonstrated by previous research in similar flows. The preferred
method of research is to characterise the fluid mean velocity and turbulence fluctuations
a a range of pre-selected measurement points using a dual beam Laser-Doppler
Velocimeter (LDV).

The same dual beam LDV system as that described in [1 and 3] was used to obtain the
angle-resolved axial mean and the turbulence characteristics of the flow inside the rotor
and discharge chamber of a standard air compressor. Measurements were performed on
both the male and female rotors in the interlobe region and inside the discharge cavity at
several positions. This was made possible through transparent windows made of
plexiglass (Perspex), which provided optical access for the laser beams and backscatter
signal acquisition.



FLOW CONFIGURATION AND INSTRUMENTATION

The transparent windows for optical access into the rotor chamber of the test compressor
were machined from acrylic to the exact internal profile of the rotor casing, and were
positioned at the pressure side of the compressor near the discharge port, as shown in
figure 1. After machining, the internal and external surfaces of the window were fully
polished to allow optical access. The optical access to the discharge chamber was through
a transparent plate, 20 mm thick, installed on the upper part of the exhaust pipe. The
optical compressor was then installed in a standard laboratory air compressor test rig,
modified to accommodate the transmitting and collecting optics and their traverses, as
shown in figure 4.

Discharge & Laser beams 'N’J
optical ot "f ]
window W i;

i . ‘a
=

Rotor chamber

4 T-junction | Window o

. a__ :
" -y 7 Atomiser
Discharge @ N &
g

pipe m _f “ : r 1
il . o

Bearing W :

housing .

Rotar

r';-
housing g

F

Figure1: Optical compressor equipped with transparent windows near the discharge;

Figures 2 (a), (b) and (c) show the discharge chamber (divided into discharge port and
discharge cavity), the measurement locations, the coordinate system and a schematic
description of the flow motion within the entire working chamber. From the images it is
clearly evident that the port cross-section on the rotor side is very different from that on
the cavity side and this greatly influences the flow transformation through it. The
resulting flow is very complex and will be analysed in more detail later. The discharge
port cross-section areain contact with the rotors chamber is shaped like areversed double
delta as shown in figures 2(b),(d) and will be referred to as the W-section. This cross-
section is contracted and reduced considerably on the cavity side of the port to form a
single inverted delta shape, which will be referred to as the V-section. Those shapes are
shown in figures 2(c), (d) and (e). The coordinate system drawn in all the sketches
identifies the CV location. Measurement were made at Xp=5.5mm, Zp =13mmand Yp =
-8 to 13mm.
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Figure 2: Geometry of the compressor at the outlet port: (a) Transverse-section of the
discharge (b) W section view, (¢) V section view; (d) Actual discharge port viewed from
rotors side; (b) Actual discharge port viewed from cavity side

Two more coordinate systems were defined within the rotor chamber of the compressor.
Figures 3 (a), (b) and (c) show the coordinate systems applied for each rotor where o), and
R are, respectively, the angular and radial position of the control volume and H,, is the
distance from the discharge port centre. Taking the appropriate coordinate system,
measurements were obtained at R,=48, 56, 63.2mm, 0,=27° and H,=20 mm for the male
rotor, and at R,=42, 46, 50 mm, a,=27° and H,=20 for the female rotor. In addition, due
to the different inner surface curvatures of the male and female rotor sections of the
casing, two different windows were machined for optical access, as can be seen in figure
3(a) and (b).

Figure 4 shows the main components of the laser Doppler Velocimeter which was
operated in the dual-beam near backscatter mode. It comprised a 700 mW argon-lon
laser, a diffraction-grating unit to divide the light beam into two and provide frequency
shift and collimating and focusing lenses to form the control volume. A fibre optic cable
was used to direct the laser beam from the laser to the transmitting optics, and a mirror
was used to direct the beams from the transmitting optics into the compressor through
one of the transparent windows. The collecting optics were positioned around 25° for the
rotor chamber and 15° for the discharge chamber to the full backscatter position and



comprised collimating and focusing lenses, a 100 pum pin hole and a photomultiplier
equipped with an amplifier. Although the crossing region of the laser beams is an
ellipsoid more than 0.5 mm long, the size of the pinhole defines the effective length of
the measuring volume so that it can be represented as a cylinder 100um high with 79 um
diameter. The fringe spacing is 4.33 um. The signal from the photomultiplier was
processed by a TSI processor interfaced to a PC and led to angle-averaged values of the
mean and RMS velocities. In order to synchronise the velocity measurements with
respect to the location of the rotors a shaft encoder that provides one pulse per revolution
and 3600 train pulses, and an angular resolution of 0.1° was used and fixed at the end of
the driving shaft. Instantaneous velocity measurements were made over thousands of
shaft rotations to provide a sufficient number of samples. In the present study the
average sample density was 1350 data per shaft degree. Since the TSl software is
provided by 4 external channels, one of them was used to collect the pressure signa
coming from the high data rate pressure transducer viaan amplifier.
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Figure 3:(a) Coordinate system and window adopted for the female rotor; (b) Coordinate
system and window adopted for the male rotor; (c) Axial plane view; (d) view, of male
and femal e rotor edges.

The pressure samples were collected together with the incoming velocity and matched
with the instantaneous position of the shaft. The flow was seeded by a silicone oil
atomiser that produces droplet sizesin therange of 1 to 2 um. A low viscosity silicone ail
of 5 ¢St was used. The pre-processed data produced by the LDV system appear as in
figure 5 (a) and were collected continuously as the compressor worked in a time interval
of up to 25 minutes. Although, the flow is turbulent and there is not a unique velocity
value for a certain angle, some information about flow structure could be obtained by
applying the so-called ‘gated post processing method’. This method subdivides the data
domain into many vertical areas, like the one presented in figure 5(a) with straight line



and green dots, and applying statistical analysis. Then, mean and RMS values can be
calculated and plotted in graphs like those in figures 7, 8 and 9. As aready described in
[1 and 3] this method proved to be efficient only if the angular resolution is well chosen
according with data distribution and velocity gradient. For discharge port measurements,
the best angular resolution was found to be 1.0° and, apart from a few critical points, it
gave a minimum of 600 samples per analysed area corresponding to statistical
uncertainties of less than 1.7% and 5.5% for the ensemble mean and RMS velocities,
based on a 95% confidence level and velocity fluctuations of the order of 20% of the
mean value.
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Figure4: LDV optical set up of transmitting and collecting optics.

Asexplained in [3], it wasn't possible to obtain the desired LDV measurements under oil
flooded conditions. Thus, in order to be able to measure the velocity field, the compressor
was operated on air with no oil injection. Measurements were made at a speed of 1000
rpm and a discharge temperature of 57+3°C. The flow regime was identified by an
estimated Reynolds number, Re=pV,Dy/l, where V=(2rN/60)(Dy/2)tan(¢p). Assuming
Dp = 81.8mm, ¢=42.73° and n=1000 rpm, V, was found to be 3.940.m/s, while the
calculated Reynolds number was 17700. Therefore the flows at this speed can be
considered turbulent. The volumetric flow rate through the compressor was measured by
an orifice plate installed in the exhaust pipe and was found to be 1.047 m*min.

RESULTSAND DISCUSSION

The discharge process of the working fluid from the rotor chambers to the exhaust line
takes place through the port and cavity of the discharge chamber of the compressor. As
mentioned above, figure 2 shows different plane views of this part and its two distinct
“W” and “V” cross-section profiles. To clarify the flow process through the discharge
port, measurements were made at the inlet (upstream of the W-section) and outlet



(downstream of the V-section) and are presented below, together, to characterise the flow
transformation or devel opment through the discharge chamber.
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chamber. (c) Combined exposed areas for two separate working chambers.

To understand the flow motion taking place through the discharge port of the machine,
some geometrical features have to be taken in consideration:

. Firstly, the W-section area, which isin contact with the rotors and connecting the
rotor chamber to the discharge port, is not, the one through which the mass is exchanged.
This region named exposed-area, changes at every angular position of the rotors and is
smaller than the physical port inlet area. It is shown schematically in figure 5(b) and (c).
It is worth noting that the exchange area varies considerably according to the rotor
position. Moreover, as the discharge process takes place over an angular displacement
wider than the angle corresponding to a single working chamber, two contiguous
discharge processes overlap. figure 5(c) shows clearly that, in fact, while fluid is



discharging from a generic working chamber (A), a new process is just starting in the
next working chamber (B).

. Secondly, observing the geometrical features of the discharge port, it is possible
to deduce that the air leaving the rotor chambers has to converge towards the centre and
the top of the discharge port before entering the discharge cavity and then the exhaust
pipe. During this path, the air flow has to pass through severa sections, especially the V-
section which is the narrowest of the discharge chamber. Thus, the flow velocity is very
high there and consequently turbulence rises and part of the flow energy is dissipated into
heat.

The analysis of the flow downstream of the V-section can provide useful information to
understand how the discharge process devel ops and consequently on how to minimize the
losses inside the compressor. With this aim, several measuring points near the V-section
were selected as shown by the row of spots in the middle of the window in figure 2(a),(b)
and (c). The Cartesian reference system employed is also represented in the same figures
with its origin positioned on the plane and in the lowest point of the V-section. The points
have been chosen at the shortest distance (Xp=5.5) from the surfaces of the rotors
chamber to assure suitable measuring conditions: namely, a good Signal to noise ratio,
(SNR) and the absence of strong reflections as was observed with the measurements
inside the rotor chambers [3]. Zp=13 mm is the elevation position in which the highest
velocities are expected because it is close to the centre of the V-section.

The main mechanisms that influence the flow development through the discharge port are
the difference between the internal and discharge pressures at the W-Section as soon as
the discharge port opens, the rotor movement that pushes the air towards the discharge
chamber, the variation of the exposed-area through which the fluid flows at the discharge
port, and finally the formation of pressure waves that pass through the fluid. These four
mechanisms can act simultaneously during the discharge process, however, for different
conditions; some of them are more significant than others.

To describe carefully the discharge process within the compressor it is necessary to
eva uate both the flow behaviour upstream and downstream the discharge port. Assuming
that the air is moving mainly axially from one chamber to the next one, here only the
axial velocity component was considered. A detailed description of flow behaviour
within the interlobe region has already been provided in [1], but before presenting the
current results it is important to remember the influence of the discharge port opening on
the axia flow. Figure 6 illustrates schematically the trend of the axia velocity profiles at
certain radial locations and exhibits three different zones:

» Zone (1) where the velocity decreases towards a defined value around the middle of
the working chamber .

» Zone (2) in which al velocities exhibit a sudden high and consistent acceleration that
reach a peak and then decelerate. This trend was the same for all measured locations.
A similar pattern was observed for turbulence which is relatively very high compared
with that of zone 1. Here, the flow is influenced mainly by the pressure difference
between the rotor and the discharge chamber and also by the opening area at the
discharge port, rather than by other parameters such as the working chamber motion.
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Figure 6: Schematic representation of flow structure within the interlobe region.

» Zone (3) This is influenced mainly by the leakages through the gaps between the
rotors and the casing.

In the present measurements, the control volume was positioned within the interlobe
region at an axia plane of Hp=20mm for both male and female rotors, which was the
closest plane to the W-section that could be reached with the present optical setup. At the
outlet of the discharge port, the nearest axial plane was 5.5mm to the V-section. The
results of the axial velocity at the inlet and from the outlet of the discharge port are
presented and compared in figure 7. The results presented in figure 7(a) and (b) refer to
the male and female rotors, respectively, upstream of the W-section, while figure 7(c) and
(d) refer to the discharge port close to the V-section. To be able to understand and explain
the flow behaviour at the discharge port outlet, it is important to know how the flows
from the male and female rotor’s chambers are exposed and interact into the discharge
zone. This is demonstrated schematically in figure 5(b) and shows that the flow from
working chambers (A) of both rotors are mixed and exposed into the discharge. Figure
5(b) depicts the relative position of both rotors which give the maximum flow exposure
into the discharge. As the rotors turn the exposed area (A) reduces until a point where the
flow from the next working chamber (B) is exposed to the discharge zone, figure 5(c).
This indicates that the flow exposure from one working chamber to the next is
continually changing, causing a complex discharge flow which is time dependent, three
dimensional, unsteady and highly turbulent.

Considering the flow features described above and looking at the graphs in figure 7, it is
easy to appreciate that Zone 2 is the most important flow factor influencing the flow
development in the discharge port cavity, as shown in figures 7(c) and (d) for the same



angular position of zone 2, on the male and female sides, respectively. The bold black
lines drawn on the graphs are to identify the exact angular position of the port
opening.
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Figure 7 Comparison between discharge axial mean velocity component at the inlet
(rotor side) and outlet (cavity side) of the discharge port: (a) Inlet main rotor curves (b)
Inlet female rotor curves; (c) Outlet curves of the port region close to the main rotor (d)

Outlet curves of the port region close to the female rotor.

From observation of the values obtained at the discharge volume on figure 7, it is clearly
evident that the velocities are considerably higher velocities than those found in the rotor
regions. This big difference can be explained by looking at the rather small size of the V-
section compared with W-section at the inlet. This forms a contracting flow passage
which causes fluid acceleration. In addition, once the compressed high pressure air at the
end of the rotors is exposed to the low pressure discharge chamber, the flow momentum
will increase and become very changeable. This trend is evident on al the curves. The
flow structure was discovered to be very complex and at least three distinct peaks are
recognisable. Also, there is a tendency for the peaks to shift to higher velocities as soon
as the control volumes move away from the centre of V-section towards its edges on both
sides. On the left hand side of the diagrams, before the opening line, the flow motion is
smoother with higher variations on the main rotor side. Figures 8(a) and (b) represent the
axial RMS velocity variation at the outlet of the discharge port and correspond to those of
figure 7(c) and (d). In genera the RMS profiles follow those of the mean velocity with
large fluctuations immediately after the opening of the port.



e Twbubence for Xp=5 Smm, Zp=13mm, Speed=1000rpm Turbulence for Xp=5 Smm, Zp=13mm, Speed=1000rpm
= 5

Opening of

5 5 == Yp= Omm
== Ypasdmm
=i~ YpesBmm

. == "fpasllmm

2 10 18 26 34 42 50 585 B T4 B2 uts:};!ﬁd?ﬁﬂﬂﬁ!?

IMadn rofor sngle [*] (Resolutior=1 [*]) Main rolos anglo [7] (Resobaion=1 [}

(a) (b)

Figure 8 Axial RM S velocity variation on the outlet of the discharge port: (a) Outlet
curves of the port region close to the main rotor (b) Outlet curves of the port region close
to the female rotor.

ViSSCRY BN PrEssurs Hend WaThin thi 1oal Chamber WEIoGEy Bhd pessuns Inihd Wwalhun Ih Folof Chamixet

a5 2 “ 2
— Hp=2 Rp=61 2 eta=27_ Mak = Hp=i2 Rp=£1 2 theta=27, Male r
40 _— H::I.Q.Rs:ﬂnmﬂ?_knw:l 0 === Hp=22 Rp=50.0.theta=27, female 1
2 == Working chamber pressune l i s == \Working chamber pressune I 18
E
Ex @ High prossum . E‘ 30@ High pressure
quadient region k. = 2% gradient region 16 T
f = {HpG) 163 g RG] &
> 13
g i 5 H
E 15 148 E 15 148
- [ = —
o
5 12 & 12
o . o Trantry i
ui-"n..
5 = 1 5 x 1
2 10 18 ¥/ M £ 50 8 66 T4 82 3 3 M ¥ & B &8 T T &
Main rotor angle [ Main rolor anghe ')
"""“:g for Xpr=5.5.2p=13,Spesd=1000rpm WVelocky st Xpas 5. 2p=13, Speed=1000pm
al *5 1
40 Jut like structures |
3&-@ within the discharge 1
- I &
i i : I
1~ j=
15!
i k|
< 45 <
5 —e— Vps Omm
a —t— fpmadimen
~8— Yp=SAmm
: ;
2 10 18 2B 3 42 S50 58 BB T4 K2 -%5 = | - - [k -
i roloe angle [7] (Resclution=1 [ Mk restee b [7) (Roemcbetions 1 [

Figure 9 The effects of pressure difference on velocity fields: (a) Main rotor curves (b);
Female rotor curves; (c) Outlet curves of the port region close to the main rotor, (d)
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To explain better the observed changes in the mean flow, the absolute pressure and the
mean velocities are presented together in figure 9 at the axial location of Hp=20mm. The
thick dashed curves, shown in figure 9(a) and (b), provides the absolute pressure
difference within rotors and discharge chamber. Following those curves, it is possible to
introduce two new important areas one on the male rotor side and another on the female
side. Those areas are characterised by a high pressure gradient and therefore are called
the high pressure gradient regions (HpG). The elevated pressure gradient at the W-section
causes strong axial mean velocity gradients, peaks and large turbulence variation. On the
rest of the diagrams, where the pressure difference between the chambers is quite small,
the air flow is smother and the turbulence lower. This happen because the pressure is
quite uniform and the flow is simply due to the rotors that, like a piston, push the air out
of the chamber through the V-section area.

The flow structure displayed in the HpG can be interpreted by focusing on 2
considerations:. the first is that once the discharge process starts, at the extreme left and
right sides of the port, the flow passages are narrow and the pressure difference is very
high. In such a situation, the air rushes into the low pressure chamber in the form of very
high speed jets within these small areas. As one of these jets reaches the control volume it
creates a peak like profile like those observed in figure 8. Secondly, as the rotors rotate
further, the ports will be more open, causing the air jet stream to move towards the centre
of the V-section and reduces its velocity. This explains why the velocity peaks in figures
8(c) and (d) moves up and to theright.

CONCLUSIONS

Axial mean flow measurements and their corresponding turbulent fluctuation were
measured inside a screw compressor both upstream and downstream the discharge port,
with high spatial and temporal resolution, using laser Doppler velocimetry (LDV) at a
rotational speed of 1000 rpm and a pressure ratio of 1.0. The most important findings can
be summarised as:

1 The axial mean and RM S velocities were successfully captured using gated post
processing method with angular resolutions of up to 1.5° in the rotor chambers and 1.0°
in the discharge chamber. A high data rate pressure transducer was employed within the
working chamber to provide an additional set of data to characterise not only the axial
velocity field but aso the instantaneous pressure.

2 The axia velocity distribution within the discharge chamber is strongly correlated
with the angular rotor position. For example, within the high pressure gradient position
(HpG) zone, the velocity is influenced mainly by the pressure difference between the
chambers at the opening of the discharge port. At other positions, where strong gradients
are not present, the velocity is mainly influenced by the rotor motion.

3 Within the HpG region, jet like flow into the discharge chamber was found. These
jets create peaks in the mean velocities and high turbulence flow.

Overdl, these data will be used to establish a reliable CFD model of the flow and
pressure distribution within twin screw machines, both as input data and aso to verify the
predicted results, which can then be used as a tool to further improve the design of screw



compressors and expanders.
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