
ARL-PROP-TM-464, AR-005-643

AIC FiLF copy

ICo
1Co

DEPARTMENT OF DEFENCE
DEFENCE SCIENCE AND TECHNOLOGY ORGANISATION

AERONAUTICAL RESEARCH LABORATORY

I MELBOURNE, VICTORIA

Propulsion Technical Memorandum 464

ANALYSES OF POWER CONSUMPION FOR

TWO SUDING VANE TYPE COMPRESSORS (U)

by

A.A. MABANTA

DTIC
ELECTE Df

Approved for Public Release.

(C) COMMONWEALTH OF ALrRAUA 1989

JULY 1989

&0, 02 23 12Z



AR-005-643

DEPARTMENT OF DEFENCE
DEFENCE SCIENCE AND TECHNOLOGY ORGANISATION

AERONAUTICAL RESEARCH LABORATORY

Propulsion Technical Memorandum 464

ANALYSES OF POWER CONSUMPTION

FOR TWO SLIDING VANE TYPE COMPRESSORS (U)

by

A.A. MABANTA

SUMMARY

An outline is given of the theoretical analyses carried out for
estimating the power requirements of two sliding vane compressor designs,
adapted for high speed operation, to determine if advantages exist over a
trailing vane compressor, previously used for air scavenging in an
experimental two stroke piston engine.

DSTOMELBOURN'E

(C) COMMONWEALTH OF AUeRALA 1989

POSTAL ADDRESS: Director, Aeronautical Research Laboratory,
P.O. Box 4331, Melbourne, Victoria, 3001, Australia



TABLE OF CONTENTS

1. INTRODUCTION ........................................... 1

2. Compressor Descriptions ................................ 1

2.1 Trailing Vane Type ................................ 1

2.2 Sliding Vane Types ................................ 2

3. ESTIMATION OF POWER REQUIREMENTS ....................... 3

3.1 Assumptions in Analyses ........................... 3

3.2 Friction Power Estimation ......................... 4

3.3 Compression Power Estimation ...................... 5

4. DISCUSSION OF PREDICTED RESULTS AND COMPARISONS ........ 5

5. CONCLUSIONS ............................................ 8

6. SUGGESTED IMPROVEMENTS ON THE ANALYSES .................. 8

ACKNOWLEDGEMENTS ............................................ 9

REFERENCES AND BIBLIOGRAPHY ................................. 9

APPENDIX 1.
Expressions for Forces on Vane Centre of Gravity

TABLES

ILLUSTRATIONS

DISTRIBUTION LIST

DOCUMENT CONTROL SHEET
Accession For

NiTIES GFA&I
DTIC TA3 Cl
Unqnnounced

By---

Distributloal

Availability Code&
Avai ani o

Dist SpoOL&

I



NOTATION

b = width of vane for separate vanes (Type 2)
design (mm)

e = offset of rotor axis of rotation from
housing centre (mm)

Fcg, FcgA, FcgB = centrifugal force (N)

Fcor, FcorA, FcorB Coriolis force (N)

Fi, FiA, FiB = inertia force (N)

Fp =force due to pressure difference across
vanes (N)

FRw = friction force due to wall-vane tip contact
(N)

h = radial length of gap between rotor and
housing, measured from rotor axis of
rotation (mm)

Pr = outlet/inlet pressure ratio

Pin = inlet pressure (XPa)

Qout = air flow rate (1/s)

rr = radius of rotor (mm)

rh  = radius of housing for circular housings (mm)

Ro  = half a vane width using a cardioid housing,
Type 1 compressors; constant to describe a
cardioid housing (mm)

r, rA, rB  = radial distances of vane tips from rotor
axis of rotation (mm)

RW  = housing wall reaction on vane (N)

Rrl, Rr2 = rotor reactions on vane (N)

XA, XB = radial distances of centres of gravity of
vane sections from rotor axis of rotation
for Type 1 compressors (mm)

Wad = adiabatic work (kW)

Wf = friction work (kW)

I = gas constant

A = coefficient of friction

.. . . . . .. .. ... ,m • Im m I I .. .



1ad = adiabatic efficiency

0,# = angular position of vanes (deg)

7 = torque (Nm)

Tav = average torque over one revolution (Nm)

= rotor speed (rad/s)

It
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1. INTRODUCTION

In the late 1970's, as part of the Defence Science and
Technology Organization (DSTO) investigation of Remotely
Piloted vehicles (RPVs) for Australian defence use, a study
was conducted of the various propulsion systems which might be
employed in small RPVs (Ref. 1). From this it was found that
a two-stroke Otto or Diesel cycle piston engine driving a
propeller or ducted fan was the option which could best
satisfy the more important selection criteria of low cost, low
vibration, high power to weight ratio, and relatively low
specific fuel consumption. It was also found, however, that
no units of this particular type of engine then available were
entirely well-suited for mini-RPV use.

After considering various two-stroke configurations, a
decision was made to test the feasibility of a uniflow-
scavenged engine design. After some preliminary tests, two
prototypes were then built, both 0.22 litre two-stroke, single
cylinder, opposed piston spark-ignition engines, and
subsequently tested with a specially designed trailing vane
type scavenge compressor. Use of a scavenge air compressor
was necessary due to the impracticality of utilising crankcase
compression with the opposed piston configuration.

As development proceeded, with the goal of producing 15
kW brake power at 8000 rpm, it became apparent that the
trailing vane compressor was less efficient than was desirable
and an important part of the development activity has been the
investigation of alternative compressor designs, to determine
if compressor power requirements can be reduced. A
theoretical analysis (Ref. 2) showed some fundamental sources
of power loss in the trailing vane type and stimulated the
search for alternative designs.

This document outlines the theoretical analyses carried
out for estimating the power requirements of two straight
sliding vane compressor designs, adapted for high speed
operation, to determine if advantages exist over the trailing
vane configuration. Basic descriptions of the designs are
included, and comparisons between predicted and test
performances of prototypes are made. In addition, superiority
of one of the straight sliding vane types over the other, in
terms of potential power consumption, is demonstrated.

2. COMPRESSOR DESCRIPTIONS

2.1 Trailing Vane Type

The trailing vane compressor is a novel design, with four
free-trailing vanes hinged on a cylindrical rotor, which is
mounted eccentrically in a cylindrical housing (Fig. 1).

As the rotor turns the vanes are flung outwards by
centrifugal force against the housing, trapping air between
them and moving it from the inlet to the outlet port.
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Compression occurs as the air is carried around the decreasing
annular space between the rotor and the housing.

At low pressure ratios this compressor approximates to a
positive displacement device. However, near the outlet ports
the pressure difference across the vanes tends to oppose the
centrifugal force, and at sufficiently high delivery pressures
the centrifugal force can be completely counteracted. Under
these circumstances the vanes lose contact with the housing,
thereby allowing air to leak past the blades, preventing
further pressure rise. This characteristic played an
important part in the initial choice of the configuration. It
was argued that friction between the blades and the housing
would be reduced by this tendency of the pressure loads to
oppose the centrifugal force.

2.2 Sliding Vane Types

One of the sliding vane compressor designs considered
(here referred to as Type 1) can have either one or two
straight vanes, each of which slides through a diametrical
slot passing through the axis of rotation of the rotor (Fig.
2). If two vanes are to be used, provision must be made for
the vanes to pass through one another at the centre of the
rotor.

The cylindrical rotor is mounted eccentrically in a
housing with either a circular or a cardioid cross-section.
Use of the relatively more complex cardioid shape may be
preferred so as to have each vane move in simple harmonic
motion, resulting in a sinusoidally varying wall reaction with
lower peak magnitude than would result if a circular cross-
section were used.

It was expected that the single-piece design of each vane
would result in decreased friction between vane tip and
housing, compared with the equivalent separate vanes design
(referred to as Type 2) described later.

Consider a particular position of a vane in rotation for
the Type 1 design (Fig. 3).

Let the vane be divided in two sections (vl and v2) by an
imaginary line perpendicular to the vane and passing through
the axis of rotation of the rotor. These sections vary in
length as the rotor turns. Furthermore, let vl and v2 have
variable masses proportional to, and each concentrated at a
point along, the vane height at the instant being considered
(ml and m2). It is clear that centrifugal force acts on both
masses in opposite directions, causing tension to exist in
that part of the vane between ml and m2. In this way,
centrifugal force acting on m2 partly counteracts the
centrifugal force acting on ml, resulting in a reduced housing
wall reaction on the vane, and hence reduced friction between
the housing and vane tip. An additional feature of this vane
design is the existence of only a single line contact between
each vane and the housing, since there must always be a finite
radial clearance between each vane and the housing.

I
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Furthermore, this contact will occur only between the heusing
and the tip of the longer vane section (vI in Fig. 3) as
measured from the rotor axis of rotation.

The Type 2 compressor design, in which separate radial
vanes are used, is illustrated in Fig. 4. Once more, either
circular or cardioid housings may be used. The principle of
operation is similar to Type 1, but with some important
differences. Centrifugal force acting on one vane cannot be
counteracted even partly by centrifugal force acting on the
diametrically opposite vane, since they are separate. Also,
contact is maintained between all vane tips and the housing
during the whole revolution of the rotor. This means that a
Type 2 design has twice the number of contact lines with the
housing, where friction will act, compared with an equivalent
Type 1 design, although volumetric efficiency may be higher.

For both sliding vane designs, pressure difference across
a vane cannot directly cause it to slide and allow air to
escape, so it was expected that delivery rate would not be
greatly affected by outlet pressure, and that the compressors
would have nearly constant volume delivery regardless of
delivery pressure.

Both the trailing vane and sliding vane configurations
have the advantage of small size, and hence light weight. The
latter, however, offers the additional advantage of relative
ease of manufacture and hence lower manufacturing cost.

3. ESTIMATION 0 POWER REQUIREMZNTS

3.1 Assumptions in Analyses

The following have been assumed in the power consumption
analyses (refer Figs. 2 and 4). Assumptions are taken for
both sliding vane types unless indicated otherwise:

1). For the Type 1 compressor, vane contact occurs only
in the section of the housing spanning 180 degrees
where the largest space between rotor and housing
exists;

2). Volume of air delivered by the compressor per
revolution is equal to 1.56 times the annular volume
between rotor and housing (the same relationship
found in the trailing vane compressor);

3). Rotor rotates at a constant speed w;

4). Friction forces are directly proportional to the
corresponding perpendicular force, that is,
Ffr = pFn;

5). The value of the coefficient of friction , is 0.08;
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6). Pressure difference exists across each vane only
when the vane or vane section is exposed to both the
inlet and outlet pressures; the value of this
pressure difference is assumed to be 80% of the
overall pressure rise across the compressor;

7). Inertia, Coriolis, and centrifugal forces act
through the centre of gravity of each vane or vane
section;

8). All forces are applied at line contacts;

9). Rotor is an infinitely thin cylindrical shell; in
Type 2 the rotor exerts forces on a vane at the
lines where the surface of the rotor meets the vane,
and the inner tip of the vane;

10). Adiabatic efficiency varies with speed and pressure
ratio as in Fig. 5 (assumed values);

11). Power losses in bearings are neglected.

3.2 Friction Power Estimation

Forces experienced by a vane in the compressors are shown
in Figs. 2 and 4.

Balancing forces along the x' and y' axes, and moments
about point M, yields the following equations:

Type 1 Compressor:

Rrl = gRw(rA+rr)+FcorA(rA+XA)+FcorB(rA- B)+Fp( A r)

2rr

rA -r
Rr2 = (rA-rr)Rrl-FcorB(rA+xB)-FcorA(RA-XA)-Fp(A r)

(rA+rr)

RW= (FcgA+FiA) - A (IRrlI+IRr2I) - (FcgB-FiB) for 9:900

(FcgA+FiA) + g (IRrlI+IRr2j) - (FcgB-FiB) for 8>900

TvDe 2 Compressor

Rrl = Fp(2b-h) + Fcorb + 2AbRW

2(b-h)

Rr2 = 2Rrlh - Fph - Fcorb

2b

I
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Rw = (Fcg+Fi) - g(lRrlI+lRr2l) for e:900 ,0e2700

= (Fcg+Fi) + g(IRrlI+IRr21) for 900<0<2700

Torque required to rotate the vane is

= (Rr + Rr2) rr for Type 1

= Rrlrr - Rr2 (rr+h-b) for Type 2

Average friction power requirement for a particular speed
is then obtained from the equation

Wf = 7av W

3.3 Compression Power Estimation

Adiabatic compression work is given by the expression

Wad = (7j) Pin Qout ( Pr' -l

and actual work done is

Wact = Wad

'lad

4. DISCUSSION OF PREDICTED RESULTS AND COMPARISONS

Computer programs have been written to utilise the
formulae set out above. The program listings have not been
included in this document; however, these can be made
available from the author by request.

Theoretical values of wall reaction forces at a speed of
4800 rpm and pressure ratio of 1.22 are illustrated
graphically in Fig. 6a for Type 1 and Type 2 compressors,
specifications for which can be found in Table 1.

It can be seen that for both straight sliding vane
designs, the use of a circular housing results in higher peak
wall reactions than for the cardioid shape. Figure 6b shows
that the torque required for each vane is also larger using a
circular housing shape for both compressor types, and that the
Type 1 compressor will potentially consume less power than the
Type 2 at the same conditions. The discontinuities in the
torque curves are the result of the assumption of sudden
application of pressure force on the vanes (assumption 6).
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A comparison of predicted results for a single-piece vane
compressor of similar dimensions using a cardioid housing
shape and observed results for a trailing vane compressor
designated TV-AL5 can be seen in Fig. 7. Specifications for
the model and for TV-AL5 are shown in Table 2. Note that the
annular volume specified between rotor and housing for the
theoretical model was set equal to that of TV-AL5.

The ratio of housing diameter Dh to rotor diameter Dr for
the trailing vane compressor is approximately 1.2, and values
of R., e, and compressor length used were chosen to give the
same approximate ratio also. The use of two vanes is assumed
in this particular comparison.

From the curves in Fig. 7 it can be seen that the Type 1
compressor will consume less power for the same goemetrical
displacement at the same speed and pressure ratio. It can
also be seen that as speed increases, so too do the predicted
differences in power consumption between the two compressors,
with a potential saving of 1.25 kW occurring at 4800 rpm,
Pr=1 .22 . It is also evident that the trailing vane compressor
power requirement is less affected by an increase in output
pressure. This is due to the output pressure partially
counteracting the centrifugal force acting on the vanes, as
mentioned before.

To test the design and to check the accuracy of the
theoretical analysis, a prototype Type 1 compressor with a
single sliding vane and cylindrical housing was made and
tested (Figs. 8a), b), c)). Table 3 gives details of the
prototype, designated SV-TUFlSB. A cylindrical housing was
used due to the shorter time required for its manufacture,
compared with that of the relatively more complex cardioid
cross-sectional shape. It was also decided to use a single
vane for the prototype as it was anticipated that the adverse
effect this would have on volumetric efficiency would be more
than offset by the halving of friction power loss.

Figure 9 shows the comparison between predicted and
observed results. Predicted power consumption is slightly
higher than observed, with maximum differences at 4800 rpm of
11% and 4% at pressure ratios of 1.14 and 1.22, respectively.

Figure 10 compares the trends in volume flow rate for SV-
TUF1SB and TV-AL5. It can be seen from the graph that TV-AL5
delivery rate is more substantially affected by pressure ratio
than SV-TUF1SB, particularly at low speeds. The sliding vane
compressor does not quite achieve the same mass flow rate as
the trailing vane compressor at speeds greater than 3000 rpm,
due to its smaller swept volume. However, at and below 3000
rpm, and at the same pressure ratios, SV-TUFISB exceeds the
flow rate capacity of TV-AL5.
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The use of two vanes on SV-TUFlSB would probably increase
the flow rate, due to improved trapping of air, although as
mentioned before, it would be accompanied by a doubling of
friction power consumption. Alternatively, a longer
compressor with a single vane could be used to match the flow
rate capability of the trailing vane blower at higher speeds,
while consuming less power.

Use of a single piece vane enables partial counteraction
of centrifugal force acting on one vane section by centrifugdl
force acting on the diametrically opposite vane section. A
reduction in wall reaction on the whole vane is thus obtained.
This is not possible with the use of radially separate vanes.
However, one way of reducing wall reaction, using radially
separate vanes, is by decreasing the height, and hence the
mass of each vane. An additional analysis has thus been
carried out to determine if a practical vane height exists for
the Type 2 compressor which, when utilised, will lead to lower
power consumption than its Type 1 equivalent.

Figure 11 shows the theoretical maximum torques applied
by the rotor of the Type 2 model using a circular housing
cross-section, plotted against vane height. Test conditions
and other compressor dimensions are the same as those given on
Table 1. Minimum vane height is 2e, or equal to the largest
separation between the rotor and the housing. It must be
noted that a vane of this height will not have any penetration
into the rotor slot at the position of maximum extension from
the rotor.

It can be seen that although peak torque values decrease
as vane height (and hence vane mass) is decreased, peak torque
required with even impractically short vanes is still higher
than that of its Type 1 equivalent. This indicates that for
the same conditions the Type 1 compressor will always require
less power to operate than its equivalent Type 2 compressor.
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5. CONCLUSIONS

Comparison of predicted performance with an existing
trailing vane compressor showed the potential advantages of
the sliding vane compressor with a single piece vane in terms
of friction power consumption and flow capacity.
Subsequently, the prediction method was shown to give good
agreement with test results from a prototype. Comparison of
theoretical results for similar sized single-piece and
separate vane types of sliding vane compressors showed a
higher friction power requirement for the latter for all
practical vane heights. From these, it can be concluded that
the single-piece sliding vane compressor design is preferable
and its use with the engine should result in a substantial
increase in brake power output. The use of a single vane in
the compressor seems preferable to the use of two, as the
doubling of friction power consumption in the case of two
vanes will probably not be followed by an increase in flow
rate capacity of the same proportion. The use of a cardioid
housing may also be more advantageous than the use of a
circular one, in terms of lower reaction forces on the vane,
and hence lower friction power consumption and less wear on
the vanes. Tests for a single-piece vane compressor with a
cardioid housing, and further tests for the prototype, need to
be made to further quantify the performance trends observed.

6. SUGGESTED IMPROVEMENTS TO THE ANALYSES

In the simplified analyses of the friction losses for
both types of sliding vane compressors, the wall reaction
normal to the housing was assumed to pass through the centre
of rotation of the rotor. since the wall reaction RW ii the
models is actually only a component of the real wall reaction
Rwc (Fig. 12) acting in the direction normal to the housing,
this will not truly be the case.

In Fig. 12 it can be seen that when the vane or vane
section has a radially outward velocity, RW should be greater
than RWc, and FRw less than gRwc and gRw, if they are to add
up to the same equivalent reaction force Rres, acting in the
same direction. The opposite is true when the vane has a
radially inward velocity. Hence, since torque required from
the rotor is partly dependent on FRw, and highest torque is
required while vane velocity is radially outwards (Fig. 5b),
when FRw is over-estimated, friction power consumption is also
over-estimated. This would result in power consumption
estimates for the compressors being slightly higher than
experimental results.

For simplicity, the difference in pressure across the
vanes has been assumed a constant fraction of the overall
pressure difference, acting according to assumption 6.
Pressure difference in fact rises slowly as one side of each
vane is exposed to the outlet pressure, reaches a peak, and
settles down to the outlet-inlet pressure difference value, as
the vane revolves (Ref. 3). The exact way this pressure
difference varies for the particular compressors considered,
however, is still unknown.

9
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The figure used for the coefficient of friction is the
same as that for a lubricated steel on steel contact, and is
assumed constant for all conditions. This may not be true in
the case of a lubricated Tufnol on aluminium contact at
different speeds and temperatures. More knowledge of the
friction properties of contact between the two different
materials is needed for better estimates of friction power
loss.

Taking the above into account in the analyses would
enable more accurate friction power consumption predictions
and reasonably accurate estimates of adiabatic efficiencies to
be made, but they are not expected to affect the conclusions
drawn.
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Speed = 4800 rpm
Pressure ratio = 1.22
Housing radius = 42 mm

Rotor eccentricity = 6 mm
Annular volume = 147 ml
Number of vanes = 1 for Type 1

= 2 for Type 2
Vane material density = 1360 kg/m3

Vane thickness = 3 mm
Vane length = 2R o = 83.2 mm for Type 1

= 2*2e =24 mm for Type 2

TABLE 1. SPECIFICATIONS FOR TYPE 1 AND TYPE 2 COMPRESSORS

a



Type 1 model TV-AL5

Housing cardioid circular

Dimensions
Rotor diameter 72 100
Housing diameter 84 120
Compressor length 110 50

Number of vanes 2 2

Materials used
Rotor - Aluminium
Vane Tufnol Aluminium
Housing Steel

Ports
Inlet circular, tangential kidney, side
Outlet circular, tangential circular,

tangential

TABLE 2. COMPRESSOR SPECIFICATIONS FOR TYPE 1 MODEL AND TV-AL5



Housing cross section Circular

Number of vanes 1

Dimensions
Rotor diameter 72 mm
Housing diameter 84 mm
Compressor length 100 mm

Materials used
Rotor steel
Vane Tufnol
Housing Aluminium

TABLE 3. TYPE 1 PROTOTYPE SV-TUFISB SPECIFICATIONS



APPENDIX 1.

EXPRESSIONS FOR FORCES ON VANE CENTRE OF GRAVITY

The general expressions for the forces acting on each vane or

vane section centre of gravity are set out below.

Centrifugal force

Fcg = MW 2Xm

Coriolis force

Fcor = 2moxm

Inertia force

Fi = mxm

Radial distance of centre of gravity from rotor axis of rotation:

Xm = Zmnxn for Type 1 compressor using a hollowed vane

Emn mn = vane component mass
xn = radial distance of vane component

centre of gravity from rotor axis.

= rx/2  for Type 1 compressor using a solid vane

= r-(b/2) for Type 2 compressor using a solid vane.

Radial velocity

Xm = ewcos 9 using a cardioid housing.

= r he sin(C2 )(r h2+e -2r he cos(C 2)- 1 /2C using a
2 3 circular

where = 2 -1/2 housingwhere C1  = (1 (e rh )

rh
C = si-l esinB

2 = -sn rh

= ec Cosa C
C3 rh

= + 90

I



Radial acceleration:

-ew sineusing a cardioid
-eI snE housing.

=h 1 h2 (h 3-h 4  + h15 (h 6-h 7+h 8-h 9) using a circular
housing.

where hl1 = -[r h2+e 2- 
2r h e cos (C 2 ))-

3 /2

h 2 = r h e sin (C 2) C 3

h13 = ewr h sin (C 2)

h4= e 2 C I cos sin (C 2)

h 5 = [r h2 + e 2 -2r h e Cos (C 2 )
1 1/2

h 6 = ecwr 1 hCos (C 2) C3

h= (e2 w cos Prh)2C 3 i sin (

h8=1C e 2w2 sin p sin (C 2)

119 = C 1C 3 e 2cos p3 cos (C 2)



Outlet port

(Inlet side housing cover removed)

FIGURE 1: TRAILING VANE COMPRESSOR
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FIGURE 3: TENSION WITHIN ONE VANE IN TYPE 1 COMPRESSOR
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FIGURE 8a): TYPE 1 PROTOTYPE SV-TUF1SB
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FIGURE 8 (b): SV-TUFlSB ROTOR AND VANE
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FIGURE 8(c) : SV-TUFlSB HOUSINGi
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