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Work has been done in the fé]?owing afeas:

[R Linear Turbine a) Analysis
b) Bucket flow model
¢) Demonstration model of a linear turbine

2. Three-dimensional compressible viscous flow in turbomachinery

b)

3. Consultations with a) Brace Research Institute
b) Canadian Transport Commission
c) United Aircraft of Canada Ltd.
d} Allis Chalmers

The Linear Turbine (See Appendix of Attachment 1)

The components of power transfer and loss have been set down
and qualitatively formulated for eventual integration into a
computer program., It appears that 50% reaction, and flow
angles to the rail face in the range 90° to 60° at inlet and
30° to 15° at exit will be best for fully guided channels in
the rail and in the re-entry assembly. For open buckets in
the Tail, which low cost may dictate, the reaction can only

be some 10% or so, and the performance becomes strongly de-
pendent upon the losses associated with flow in an open bucket
(i.e. a bucket lacking a “suctien side' boundary.) Little

" documentation of relevance Has been found so that a test
“program has been initiated to study the flow and losses in

open buckets for linear turbine rails,

Bucket Flow Model tests will be carried out on an array of

3 buckets made of transparent plastic and measuring about 1"
by &% 1/2", opening dimensieons. . Angles of 50° and 35° at inlet
and exit respectively, and a decreasing curvature from intet
to exit are expected to turn the flow with low mixing ‘osses
at the free boundary, low secondary losses in the stream, and
good incidence range at inlet. ' '

1. ¢) A bth year Design !l Group is building a demonstration linear

turbine powered by vacuum-cleaner blowers and intended to -
run at 30 mph on a circular track. '

Three-dimensional compressible viscous flow in turbomachinery.
(See attachment #2.) '

It has been clear for some time that relatively crude but
realistic representations of the Tlow in a channel yield good:
engineering results, as opposed to refined analysis where
significant phenomena are left out of the model as being
“intractable'', Thus secondary flows,Coriolis actions on




d)

sheared flows, and boundary layer mainstream stability
interaction are usually ignored in. turbomachinery compu-
tations.

tt is proposed, and initial steps have been taken_ to col-
laborate with Prof. J.H.G. Howard of Waterltoo on the elabora-
tion of a more complete yet tractable flow analysis program
yielding ocutputs about as shown on Fig. | of Attachment 2.

Consu]tations.

Prof. R. E. Chilcott and one of his students have referred
some acroelastic problems on their Wind Turbine to us.

- A brief note on Prbpulsion of High Speed Ground Vehicles

was prepared for the Canadian Transport Commission.

Consultations with the Aerodynamics Department of United
Alrcraft of Canada Litd, related to radial turbines.

Consultations with the Compressor Engineering group of Allis
Chalmers related to the design of centrifugal compressors.
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July 18, 1970,

Jola Vrana, Eng.

Propulsion of ligh Speed

Ground Transportation Vehicles,

As vehicle aﬁaed and acceleration requirenments incresase,
so does the proportiom of direct operating cost chargeable
;ta propulsion., In addicion, much éf the npoise and ?oilutinn
genevated, and some of the right=ofeway costa are ﬁelated to
the means of propuleion, Hencé the importance of a thorough
undergtanding of the means of propelling the fast vehicles'
being considered fow interurban and snbufbaa publie ground
transportation systems. Urban tracked ayestems will generally
be slowver and have a high traffic denslty, Under thesze
conditions the electrifilied rail, vheeled ﬁehicle systen is
satisfactory and practical, Under conditions of greater
digtance betwaen stapé and of lower traffig ﬁen$ity, such as
would be encountered on suburban ané.intarﬁrﬁaﬂ-links, a
nunber of ether alternativés pregeat_themsﬁives requiring
further study., In progression ef.éegraaéiﬂgrrightnofnwayr
costs, we have®

1) the linear electric motor with wiandinge on the track

* Tube systems of various kinds are under study, but tunneling
cests are prohibitive for the next decade or two at least,



2} electrified track gnd on-board electric moiors,

3} sutononous vehicles develeping their own power,

The fifst is cleaﬁly not suitable for the low ttaffic
densgities uﬁfside eity hubs, béing more expensive than
electyified track. It may howevér prove to be the best
form of propulsien for an urban syécem, perhaps used in
conjunction with an electromagneﬁfz guspension and entirely
pasaive vehicles, Table I.presents the spectrunm of ﬁrapuigion
gchemes possible with the second and third alternatives above,
These need to be consiéered.in relation to the charsctevistics
of the vehicle_séspensians and powerplants, Very briafiy,
wheele have gagd'ioaé carrying ability but require fime track
aligoment at higﬁ speedss whareas air cushions and electro-
magnetic suspensions consume power ia proportion to vehieclie
weight., Electric motors; generators, fuel cells and internal
sembustion engines are héavy; GCag turbines sre 1&3&55 but

consume more fuel than diesel engines or fuel cells.

One m&y.eaﬁcluda, therefore, that electrified track will
serve =mostly wheéled'vehicl&s, with the possible e%eeption of
the tracked air cushion vehlele with linear slectric motor
pro#uisienf‘ Fctentiaily low noise, zero pellution, low pover

costs, but relatively expensive track are characteristic of



électrified track vehicles,

Autononous vehicleé, én thé oéher hauégtﬁay be practical
sver the whole range af.fabla I. 7The ceonventional bus,
sharing the road with private automebiles, will ceﬁtinue to
be déveloped, and it prevides a basice saagdard of campérison.
A graéﬁal switceh to gasg turbioe powey will begin in the mid
1970%s. For tracked { guided } vehlcles, heavy powerplants
wili.tend to be econfined to wheeled suspensions, whereas the
gaae turbina will be preferred for aly cushion suspensions.
AThe advantage of these is that the track need not be accurate-
iy smooth, and so meahanicéi traction through wheels on zhe; 
wain track must be disecarded,; in spite of its hish afficiénc§ﬁ
& szeparate rail.weuld allow mechanical trecticen, possibly
coublned with lateral guidanece, This straightforward schene
deserves further asttention,

A separvate rall caan also be the passive element of a linear
induction motex, and this scheme is vander active &evéispment in
.the 0,8, and in France,

Fluid wmomentum thrust is being used on the lavger dencustraw
tor tracked aif cushion vehicles, but a2z Table I and Figurs 1
show, fans are & poor soclution because of poor &acelezatiun,
noice and fusl comsemptien; whereas ptepellers reqniré & large

froatal ares if they are to give a reassonsble accelevation.



The linear fluid motor or linear turbine is analégcaa te the
linear induction motor: both reguire a special rail, comprising
aerodynamie blades or buckets in the case of_&he"lingaﬁ turbine,
It will be ecapable of good gas WP to thrust HP propulsive
efficiency, and is being developed in France and in Canada

{ see Appendix }., The linear turbine would appear to Ee a guood
éheiée for gas turbine powvered T.A.C.V.'s, whereas the linear
induction motor would seém best on electrified rail, Indeed,
the ecouversion of the gas HP of a gas turbine %o shaft HP to

K¥ te thrust.HP ia & linear iaduétion motor inecurs uaﬁ%ét;fiably

low efficiency and high weight teo be seriocusly considered,

In conclusion, then,
2} wheel traction is the umest efficient and desmerves
further attentisn for all tracked vehicies,
B} linear induction matoré should be considered fox
electrified traak.gﬁly,
e} divect fluild momentuvm thrust has drawbacks,.&nd

d) the linear turbine appears promising,



Propulsive
efficiency, %
{ at 200 aph )

Cost ( includinpg
- track )
Hgise

Accgleration
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TABLE I

Propulsion for High Speed CGround Transportation

Mechanical

Véhicles.

Wheel
steel rubber
29,9 96 to 29
gxpensgive . mcdaraté‘
. nelsy | tolerable
to qguiet
good-. excellent
p:imitiva &e?aléga&
good

clearance

Fluid
Momentunm
. Linear
Fan Prop Turbine
40 to 50 70 ‘ ~ 75
low low moderate
noisy potentially potentially
quiet quiet '
POOE. abcegtable ac¢ceptable to
good
‘needs needs in the
cpevational dasign & labpratory
development dev't for
low noise
noise frontal area goeod
and Jet requires
blast nore
unavoidable

Electromasnatice

Linear
Induction
Motor

50 to 80
mo&erata
quiet
acceptable to

good

prototypes
oz test
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APPERDIX

The Lirear Turbine

Sketch VSE 3001 shows twe fofms of lincar turbine
cu:rently undar dewelﬁpmeat.

- The first, proposed Eo the U.8, O0ffice of Eigﬁ Speed
Ground Tranapartatian<l} and econceived by Bertinm & Cie in
France, c¢perates on the principle of recoﬁeriﬁg the excess
kinetic energy of the propelling flew by neans of & track-
-mounted cascade, which returne the flow into a vehiclew-
mounted exhaust unit, The latter penerates an additional
thrust and decreases the exhaust veloeity. As prm?uéaﬁﬂ neo
'special gui&ance for the turbine assembly uas contenplaced,
resultiag in large gaps between components and dictating a
congtant static pressure from the nozele on. lnder these
cdnéitians, high neise and low reak efficiency can be
expectéd, Furthermore, while a fan engine was contemplatred

&8 & source of flow in the reference, here all systeus are

€13 ER 183«314 ¥.,L. Givawd, "A Preliminary Design
' Study of & Yracked Air Cushien Resesrch
Vehicle" Teb 1969, Aercglide Systems Ing,
120 Broadway, HNew York, N.Y., 10005, for the
- U.S,. Dept. of Trausportaticn. Contract
Mo, 7-35337, See pp 63 et seqe



conpared on the bagis of 8 gas generat&r(l) Eollowéd by

at nost £WQ energy converters { turbive plus fan or propeller;
linear turbine; ox plain nozzle. ), Under these cdonditions the
single~pass iiuéax turbine ounly reachés peak efficlency at

speeds well above the Z50 « 300 mph range of interest,
!

\Tﬁe gecond linear turbine on the sketch was éouceived in an
attempt to everée@e the above obiections. Iunstead of Eeimg
rigidly ncunted on the vehicle, it is held in close register
to the veaction rail and is allowed some ireedom.of motiow

'reiativa to the vehiele., Thus, the gascades need not Earm‘a
pure velgeityegtaged constant-pressure Curtiss-style turbine,
ney ég mizing lozses at the elearaﬁées have to be large,
?urtherm&ré, morae than éﬁe pass beconee feasible { thus
extendiﬁé the peak efficieaay down to speeds of interest j,

gas velocities can be lower throughout and muffling ef the

exhaust is possible for a low noise output,

A rugged, lov-cost reactlion vail was considerad necessary

as well, Precaast Portland cement concrete iz the basic

{1) The gas generstor congidered for the fuel consunption
, estinates of Fipure 1l would have the fo llawiﬁg perfornances
Spegific power 129 Gap BP/{ib/aec)

v

Specific thruast &5 1/ {1ib/faac) (Cv = ,98}
Fuel consunption .48 ib/Cas HP hy ,
«95 ib/1b nr (C., & .94)



material envissged for the xail, except at statione, where
pretracted exposure requires heat-resistant material, This
linear turbine is at an early stage of development st Mcfill

University. -

Little is known of the étéﬁ#s of the Bertin & Cie linesr
turbine except that full scale demonsirator trials were
iﬁten&&§ for 1970 one year'&gog No najoy techuiecal problens
should be encountered, but naise; efficiency and reaction

rail cost could be ifuproved,

The multiple re~entry lianear turbine derives from a similar
t?pe of sﬁéam turbine bladiag, still marketed in fts original
(-i§2G’s.) faré by the Yerry Steam Turbine Co. Hewever,
little has been doune to develop the high efficiency potential
of the aonfigératiena and*gé congervative perfarmaacé estinates
ére tabulated., There is reason to believe thie will fmprave

by about 10 perceant with further aerodynawic development,

Dependiug on requirements, fulleseale demonstvators eonld

be apér&tienal by 1974 to 1978,

Te form an idea of the slze and weight ¢f lipeaw turbines,
comsider that the nozzle feed ducte on VSK 3001 sorrespond o

 tailpipes of jet engines delivering the desired ges horsepower



{ oxr delivering 40%Z of the desired thrust )., On this basig,'

/ theu, the Bertin lina#x turbine assembly should be about

half as bkulky as its gas generator, and weigh about 1/3 as

muche The multiple rewentry turbine should be of about the

sane bulk and from half &d equalliv as heévy ag £te gas

generator, depending on construction, A& nmuffler would inw

crease bulk and weight. However, certain track cenfigurstious

where the exhaust can discharge into 3 trough or gutter may

require little or no further sound reduction.

Table. 1T presents the rvough estimates that can be made

about linear turbines from the avsilable 1uformation,

TABLE IX

Linear Turbine Porameters

Turbine type: Velocicy staged Multiple re-emnbry

rsre (L)  at #57 1b/ib ke W47 1B/1b by

SFC ( Thrust ¥P })273 «7% 1B/UP hr 65 1b/UP hy

n . Juph «81l ( .73 at 480 mph ) « 74 { 075 a2t 250 =mph

Cost: turbine about $25/HP 7 gh@ﬁt $s5o/np

reaction rail 7 ' . . order of $10,000/nl
“Weight about 05 1b/fup sbout 10 1L/ up

neffler .05 1b/EP L05 1b/up

{1) See gas gevnerater performance in

footnote on p A-Z,
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Some Qutstanding Problems of the
Internal Aerodynamics of Turbomachinery

A brief note to the Subcommittee on
Internal Aerodynamics of ACOP,
September 25th, 1970,

J. C. Vrana

The airplane ig today within 20% of the limiting perfor-
mance predictable from aerodynamic theory. By contrast, turbomachinery
exhibits inefficiency levels two or three times as high as can be -
accounceéd for theoretically.

Whether improvementé in the description and understanding

" of turbomachine flows will result mostly in an increased loss estima-
tion rather than improved efficiencies is hard to decide at present,

- since the available flow analyses are all based on the neglect of
evidencly significant phenomena, No. only have we negelected so far
to describe. quantitatively such phencmena as streamtube rotation and
its progress downstream of the blades induced drag, unsteady inter-
action of blade rows, skew unsteady and corner boundary layers, rotating
boundary layers, steady and periocdic two- and three-dimensicnal
separations, vortex roll-up at L.E.-annulus intersections, and tip
clearance flows; 2 but in several areas even qualitative, descriptive
material on which to build a theory is lacking. Nevertheless, we can
today confidently envigsage the task of providing the turbomachine
designer with computer progrems and graphic display terminals, giving-
him much the same interactive design capability as has been developed
recently for aircraft designers. Consider for a moment the potential
of & turbine stage design program for instance, displaying the infor-
mation of Figure 1, and updating it rapidly in response to geometry
changes as input with a light pen by the desigoer. Most but not all
of thr components needed to formulate such a program are available
today. The purpose of this mote 's to draw attention to those areas
most urgently requiring further effort,

1. Appendix A to "Comments on Current Aerodynamic Design Problems of
- Gas Turbine Rotating Components,'" to the Turbine---Group of A.C.0.P.

by J. C. Vrana, April 30th, 1969,

2.Rotor~-stator casing boundary layers, development of secondary flow,
cutved and rotating boundary layers, rotor-stator wake transport, and
3-dimensional transonic {wave) soclutions are now being successfully
attacked,



Starting with items where even qualltatlve, "behavioral®
data is meagre, we should investigate:

Iy Tip leakage flow patterns and their interactions with
casing and blade boundary layers. Flow visualization at reasonable
Reynclds numbers should be carried out for several representatlve
parameter combinations for each of

a) axial compressor rotor tip, -clean inlet,

b} axial compressor rotor tip 2nd stage,

c) axial compressor stator hub,

d) axial turbine rotor tip, _

e} centrifugal compressor, along the shroud,

f) radial turbine, hub and shroud, over a range of
incidences, ) ' .

2) Leading edge horseshoe vortex formation and development,
The effects of inlet boundary layer skewness, of round fillets, of
ridge-shaped L,E, fillets, and of incidence curvature and loading
in the blading on the vortices should be studied visually,

33 The interactions of wakes and passage eddies from one
blade row, with the flow field, shock waves and boundaries of the
next blade row (in relative moticn), These have not been observed
except through measuring instruments, Some of the sketches in the
literature purporting to explain unsteady 1ift noise and vibrations,
and temperature field nonuniformity, are highly improbable., Photo-
graphic records of these unsteady processes would be invaluable, TIf
pessible, the effects on ca51ng and blade boundary layers should bhe

-quealitatively described,

Further work of a quantitative nature would be useful on:

4) The effects of streamwise and normal Coriolis fields on
blading and casing boundary layers and separations,

5) The behaviour of the wall shear coefficient Cf under un-
steady conditions (tip leakage, blade row interactions),

6) The diffusion of vortex cores under varying boundary layer
or other turbulence, and streamwise and cross-flow pressure gradients.

7)  Decay of wakes containing shed circulation.

8) The behaviour of turbulent and tran81t10nal boundary layers
under conditions of:

a) convergence on gently curved surfaces,

b) convergence in corners (similar and dissimilar layers),

c) crossing corners due to secondary flows.



9 The behaviour of transition under varying conditions of
a) vrotation, stagger and pressure gradient,
b) spanwise flow and external flow disturbances,
¢) heat transfer.

The above list is not exhaustive, for all its length, Coaversely,
the importance or even the relevance of the subjects mentioned for
further research may be questioned, 1t is nevertheless hoped that
this input from a student of Turbomachinery may help the Subcommittee
in steering research on Internal Aerodynamics towards the many
unresolved and fascinating questions posed by flows in rotating machinery.
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We regret to inform you that

Professor John C. Vrana died on January 4th, 1971.

Any correspondence or information may
be réquested from the secretary, Miss R. Curley
or the Chairman, Professor B. G. Newman in the
Departmént of Mechanical Engineering of

McGill University, Montreal 110, Quebec.




