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The current state of a research program to study flows in radial turbomachines at
both on- and off-design conditions is described. Numerical solutions of the flow
within a rotating impeller are described based on potential theory using a direct
method of solution instead of by relaxation. The experimental apparatus com-
prising a rotating cascade rig is described. The rig consisted essentially of a rotor
mounted horizontally in an open circular water tank. An external pipe system
enabled the water to be circulated for either radial inflow or radial outfiow. The
rotor speed could be varied up to 300 rpom. A variety of perspex shrouded rotor
geometries up to a maximum diameter of 3 ft 6 in could be tested. Flow visualiza-
tion by means of polystyrene particles could be observed by a camera mounted
above the rotor on its axis and driven at the same angular speed. A 12-channel
electronic flash unit enabled the particle velocity and directions to be photo-
graphed. As an alternative to the flow visualization system, a bank of manometers,
could be mounted above the rotor and driven at the same rotational speed, i.e.,
with no relative movement. Static pressure measurements could be taken on the
blade faces and within the rotor passages. A comparison is made of the experi-
mental and analytical results obtained for one straight vaned, constant area rotor
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Analytica| and Experimental Studies of

Two-Dimensional Flows in a Radial

Bladed Impeller

R. 5. BENSON W. G. CARTWRIGHT M. J. HILL
INTRODUCTICON
Considerable attention has been given in lines are large and statie cascade testing is not

recent years to the quantitative analysis of flows satisfactory, In the past five years, comprehen-
within furbomachinery blading. The major emphasis sive studies on flows in radial machines have been
has been on axial machinery, where it iz possibile carried out in the Thermodynamics and Fluid

to assess the results by experiments on stationary Mechanics laboratories at the Tniversity of Man-

blade casecades, The problem is relatively more chester Institute of Science and Technology. This
dirfieult in radial and mixed flow machines where  work has been sponsored by the Science Research
changes in eentripetal acceleration alcohg stream- Couneil and a number of industrial firms. From

NOMENCLATURE

A = band matrix used in direct method of » = whirl ratio, R(RMT + QQ)
solution a it
= =
a_ = area at impeller tip P ens Lty
T £ = flow coefricient. VP/UE
C = stagnation speed of sound upstream of
°  npeller ¢ = stream function
im .
P ¥ = stream function value of the tobal flow
h = passage height " tnrough the impeller pass 2rW /
1 r e im ] age, T
h = patsage height at impeller tip roug Smhe P £ T
T (nb.p0 aT CO)
E = passage height ratio h/h
P & & / T ¥ = vector of stream function values oh-
M, = tip Mach number r_ ayC_ tained from A ¥ = ¥

= relative angul co-crdinate
nb = number of blades e © i angular 2
. W = rotaticnal speed
p = static pressure

2 2 fubseripts
P = econstant ] =t a grid point
? (p/po} € P M = meridicnal component

p! = pressure recorded at reference pressure k = consbants evaluated at grid-point k
tapping o = obsolute stagnation condition
g = relative velcocity p = constants evaluated at grid-point p
Q@ = relative veloecity ratio, Q/Co q = constants evaluated at grid-peint g
= yadial component
r = radius from axis of vrotation T a pe : _
. R % = partial derivative with respect to
r = impeller tip radius . . ,
T radius ratic R in equation numbers (11,
R = radius ratie, r'/r-T (3), (4), (5), (8}, (9)

R = radial component
AR = second partial derivative with respect
to radius ratio R

5 = radial step-length of finite difference
moleeule (Fig.2)

t = theta sfev-length of rinite difference
molecule (Fig.2)

J = blade sveed

YV = absolute veloelity

u = upstream property
& = partial derivative with respeet to & in
equation numbers (1), (3}, (4], (5},
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W_ = total weight flow through impeller (8}, (9)
T rassage £ = theta component
T = second partial derivative with respect
¥ = right-hand side vector used in direct o8 © ) P
. to 8
methed cf soluticn .
. 2 = impeller blade inlet station
¢ = zngle between meridional stream surface
and axis of rotation Superseripts
K = patio of speecific heats - Mass mean value




Fig.l Ceoordinate system relative to blades.
centerline of flow passage geherates a surface
of reyvolution

time to time, results of this work have heen re-
ported (l—ﬁ).l In this paper, some recent results
are described,

The analytical work has been mainly concen-
trated on extending the streamline curvature tech-
niques of Katsanis {8-10) and the direct solution
af the fluid flow equations similar to Stanite
{11) methods. The Katsanis methods have been re-
fined and improved, and it 1g now possible to
study flows in passages which may be supersonie,
Stan-
itz!'s approach to a rmumerical soclution of the two-

This work 1s not reviewed in this paper.

dimengional ilrrotational equations has been reas-
sessed, and a new rumerical solution has been
developed which is both faster than the relaxaticon
techniques used by Stanitz and can cover the whole
flow region from the upstream to downstream
toundgries beyond the rotor in either direction.
This method will be deseribed in this paper.

Work is also being pursued in the Department
on boundary layers in retating systems and full
field solutions of the viscous turbulent equations
of motion.

In conjunction with the analytical work, an
extensive experimental program is being ecarried
out ineluding turbine testing. In this paper, a
speeial radial ecaseade rig is deseribed. This
rig was developed to test the analyftieal solutions,
The paper will discuss some results of tests on a
straight-vaned econstant area impeller running as
a radial inflow turbine, Comparison will be made

NUMBER OF POINTS
n = 59

zg(”':i :

il

1]
f
k=11

Numerical solution in blade-to-blzde vlane

= RADIAL STEFP —LENGTH
t s THETA STEP—LENGTH

Fig.2

hetween the potential solutions and experimental
results.

ANATYTICAL FROCEDURE

Prom consideration of contimeity, absolute
irrotational motion, and energy, the steady two-
dimensional inviscid flow fthrough a turbomachine
can be represented for the coordinate system shown
in Fig.1 by:

sina

gy Y5

Vpm * - b
RR 2 . 2 .

" sina R ﬂfpo sina 0

$ i R si P

R . _ R Bina |p | _ RSIOO o j_ ay g B

+ [(P. smu)E ——""—o;no [ ] H R ™ o
R

R
" k=1
z—o = [1 +%{(RMT)" ﬂawaTAH (2}
s [ ) B
Yo, H * R

Combining these three equaticns and ftramsferring
all density terms to the right-hand side. we ob-
tain the expression

[ ¥ .
s L] R . _ R sinpn
sina Yoo + RE - * 3 I(H 51nu)R = HH}
gina €3]
. 2,,%HL+__%_. 2 +L[L]
o B pfoosinu Pa a p‘(po Po
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Pig.s oizuter storage of band matrix, A

This cah he expressed in the form

Adpg #+B¥gg +C ¥ = D (5}
where

A = sina (6)
1

B =

R%sina (7}
E sinn

c » = |(r siml)R --——ﬁ“-“HB‘ {31}

1’e(ﬂ/n°)B ¥y sinu(o/po)R

D= oM e

+ +
Pa R%/oojsinu p/po

o)

Numerical Method of Sclution
The solution of emguatian (5} is compated

using 2 "direct® method instezd of relaxation.
The region cf soluticn, i.e., the rotor passage
together with upstream and downsiream regions, is
covered with an orthogonal polar grid {Fig.2) and
the finite difference eguaticns set up at =ach

A zystem cf equations is
then oktained which may be written in the form

Ay = ¥

where A 15 a band matrix, y Is a vector, and ¥ is
the required scolution at the grid points.

Using the conventiocnal finite-difference
approximatione, the generzl finite difference

4

mined rer mesh points such as Y% and

equaticn at a grid point k is given by

R (10)
whersa
E = t2(2a - s0) (11)
F = 2Bs° (12}
6 = -k (as? + Bs?) (13)
B o= 2Bs (14
I = t2(24 + sc) (15)
Jos 2D 5%l (16)

At each of the numbered mesh points, the con-
stants (E, F, G, H, I, and J} can be evaluated and
the finite difference equation formed at the mesh
point. AT mesh points adjacent to the boundary of
the region of sclution, some of the ¢}, ¥ ¢k—l’
and ¢, values will be known. These are trans-
ferred to the right-hand side of equatiorn (10).
Periodicity considerations enable ¢k to be defer-
§ of Fig.Z2,
also the wk—l values for points such as 1 and 5.
The coelficients of the unknown ¥ values for the
set of finlte difference egquations for the system
form the matrix A, thus

— -
@GHho.. 0L
Foh O....0 L
O F G h0....0T
| . .
E, O 0¥ G Wo o1,
s \\
~
G, & 1
bt EG....0 RG‘Q‘O .0 Is\
l E, O OFf&Gho....01
. ]
. 1
N
N !
0L O R G KO |

[0« B ¢ ) SO W
L Q.. ..0 ¥ G
The known right-hand side terms For the set
of rinite-difrerence equations form the vector j.

The set of finite difference equations can then
he expressed in the matrix form:

Ap=my (17)
where A 1s an n x n mabrix of band width Zm41,

where 1 ig the total number of numbered mesh
points and m is the number of divigions in the &
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directicn, ¥ and y are n x 1 column vectors,

I Lhe computer geolution of equation {171,
only the band elements of matrix A are stored
(Fig.s). Tt will be seen that A is cnly dependent
on fthe roter geometry and the number of grid
voeints, Thug, 4 is set urp only once and the sys-
tem of equaticns solved for each new right-hand
side vector, F.

The numerical solubion of equation (317) 1=,
by Gaussian elimination, using the Thomas Algo-
rithm (12}, For incompressible flow, there is one
unigue value ror the vector, y, and a sclution of
equation (17) 1s stralghtferward. For compressi-
ble flow, the density ratin, p/po, varies with
each successive iteration at the grid points until
convergence, The normal procedure is to evaluate
the constant, P = {Q p/bo)e, &t each grid point,
from equation (3), and then by using equation {29,
the density ratio is a root of the expression

- B

This expression has either two real rcots or no
regl roots. The larger root 1s associated with
suksoniec flow and the smaller root with supersonic
flow. TDifferentiating equation (18} and equating
to zero, we obtain a function, f(Pl s Y. This
corresponds Lo the minimuym value of the function,
£{o/p,), where p/p_ = P/**1. yhen pipt /%4y < o,
then f(p/po) has t%o real roocts and the regquireg
roct 1s found by an iterative proecedure, such as
the Newton-Raphson method. When r(P/**1y > o,
then f{p/po} has no real roots.
in the first few iterations. In These cases, the

[ 2 P
Z [(RMT) - (olo )2 - 2”@"11]] (18)

This may oceur

density ratio is taken as the minimum valuk of
p/po _ Pl/x%l_

An alternative method, which is superior to
the foregoing, is to use the previous value of the
density ratio in egquation (3) to determine ¢, then
with this value of § determine the new approximate
value of fthe density ratio from equation (2). Ex-
perience has shown that the approximation to the
density ratic converges as the whole problem con-
verges. This new technique has three distinet
advantages over the first method;

1 For high Mach number solutions, the solu-
tion stablilizes very rapidly and convergence is
obtained in considerably fewer iterations than the
previcus methods. Indeed, solutions have now been
cbtained which could not converge with the first
method.

2 Computing time has been reduced.

3 Since the new method does not reguire a
prior knowledge of which grid points in the final
solution will be subsonic or supersonic, the

\0

F LW
—
DIRECTION

. CONTOURS OF
| PRESSURE
COEFFICIENT T=
] 2
ELLH

CONTOURS OF
RELATIVE VELOCITY
s
 Ratio Y,
1

VELOCITY DISTRIBUTION

Fig.4 Compubed results for rotor described in
experimental rig

method may enable a transonic sclution to be cb-
tained.

Boundary Conditions

The first solution is obftained with approxi-
mate boundary conditicns corresponding to one-
dimensional calculations. These bhoundary condi-
tions are then progressively adjusted and the
solution repeated until the required inlet and
The cutlet condi-

tion usually applied is that of Joukowskl, re-

cutlet conditions are obtained.

quiring the rear stagnation peint to oceur at the
blade trailing edge. At Inlet there are two al-

ternatives, either the rotor inlet whirl, Ku’ may
be specified or the "on-design" condifion may be

required, i.e., the front staghation point oceur-
ring at the blade leading edge.

The Gechnigues outlined in the foregoing
have been, and are heing, applied to various rotor
configurations, In this paper, a comparison will
be made between the flow predictions and measure-
ments for a straight-vaned, constant area rotor
with an incompressible fluid, Typical computed
results direct from graphical output for the
streamlines, pressure, ahgd velocity distribution
for the rotor described in the experimental rig
are shown in Fig.%. ([The disecontinuities are due
to the graph plotter.)

EXPERIMENTAL INVESTIGATION

As part of the study of flows in radial
machinery, an experimental facility was con-
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BLADE THPRINGS SP4CED
©-3" BABIALLY

SHEDUD TAPPINGS 3PACED
O K RACIALLY, 4% CIRCUMFERENTIAL LY

LS

Fig.5 Arrangement of rotor and nozzle showing
location of static pressure tappings

structed with the object of determining the actual
flow distribution within a rotating impeller. The
woerking rfluid was water., A knowledge of the real
flow permits:

1 An assessment of the varicus numerieal
techniques ror calculating flows on and
off design to be made

2 A&n evaluation of the possible refinements
to be made to the numerieal techniques to
aprroximgte closer to the real flow

3 The provision of data on the gross ef-
lfeets of fluid friction to be obtained,

The rig was designed fto examine radial in-

flow or cutflow. Provision was made to measure
the statie pressure distribution within the blade
vassage, as well gs on the blade faeces. Flow
visuglizatlon techniques were inecorporated to ob-
tain a qualifative and quantitative measurement of
the velocity and streamline patterns within the
rotor passages. I a previous paper (j), some re=
sults were presented for the pressure distribution
on the blade faces; in this paper, some results
are presented for the pressure and relative veloe-
ity distributions within the blade passage in a
simple geometry radial bladed rotor operating
under turbine~type inflow conditions at a positive
Ineidence angle.

Tesf, Rig

The rotor under test was mounted on a hori-
zontal turntable, the hollow drive shaft of which
served as a duct for the flow of water to or from
the rotor. In the fests described in this paper,

A

| 4 PERSPEX Romn//_%ti_
' i (/I

_~FLOW STRAIGHTENER

__1.__
|
i

PUMP WITH YARIABLE
SPEED DC.DRIVE
MOTOR

\

ARIFICE PLATE

A

CIRCUIT FLOW CONTROL
VALYE

Flg.6 Diagrammatic layout of water circuit

the rotor had ten flat radial bhlades the height

of which varied with the radius so as to give a

constsnt flow area. Top and botbtom shroud disks
were extended radially beyond the blades to pre-
serve the two-dimensional nature of the flow at

the blade tip. Fig.5 shows the principal dimen-
sions of the rotor,

An open-topped circular tank surrcunding
the rotor was provided with a dueb connectior to
permit exfernagl recirculztion of the flow via a
metering section, Fig,6. The rotor could be oper-
ated either with cutward flow, as in a centrirfugal
pump, or with inward rflow, as in a turbine, In
the former ecase., water rose verbtically upward
threugh the drive shaft and then ocutward through
the rotor discharging into the tark. The water
was recirculated by the external pipe work back
to the "eye" of the rotor. The pressure rise re-
quired to achieve circulation was provided by a
punp in the external circuit. &4 variable speed
drive to the pump minimized the amount of
throttling needed to obtain flow rates other than
the maximum. This minimized the water tempersture
rise with time and thus the viscosity variation.
The external system was arranged to maintain the
same flow directicn through the pump and metering
section fer both inflow and outflow in the rotor.
At all flows and rotor speeds so far Investigated,
the power absorbed by the large diameter seals
surrcunding the hellow shaft of the test rotor
has heen greater than the power developed by the
rotor when operating as a turbine. The new power
input to the rotor was provided by a variable
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D.C. DRIVE MOTOR
WITH WARD —
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OF SPEED CONTROL

Pig.7 Diagrammatic layout cof test rig

speed d-¢ motor with Ward ILecnard control. The
drive to the rotor was also linked to a secohnd
shaft, co-axial with the rctor, carrying a camera,
Fig.7. The camera rotated at the same angular
speed as tThe rotor and enabled the flow relative
to the blading to be reccrded. Flow visualization
was made possible by polystyrene tracer particles,
approximately 0,03-in, dia and having g specifiec
pravity within the range 1.00 to 1.01. The tech-
nique used was similar to that of Young (13} and
Simpson and Cinnamond (14). In the test rig, the
particles were illuminated by a 1light zource ad-
Jacent to a window in the side of the circular
tank surrounding the water. The side-lighting
arrangement had the advantage of illuminating the
tracer beads but not the background, thus provid-
ing the maximum contrast as viewed by the camera.
The disadvantage of sidelighting was that the
stationary blading surrounding the rotor must be
transparent, A particularly intense light source
was found Lo be necessary. A special illumination
system was developed, This consisted of a bank of
electronic flash tubes, The tubes, each rated at
100 Joules, were triggered in rapid successlon by
g magnetic pickup receiving a signal from gear
teeth in the rotor drive. The resulting flashes
were, therefore, at a frequency proportional to
the rotor speed. The flash sequence was recorded
by the camera on a single exposure, which showed
the posifions taken by the flow visualization par-~
ticles at equal intervals of time. Fig.B8 is a
typical example of one exposure showing a number
of trajectories followed by particles present at
the time of exposure. For this case, the rotor

Fig.8 Flow relative to rotor
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wvas acting as 2 turbine under inflow conditions.
The direction of rotation was clockwise. Fig.9
snows an exposure taken for the same flow condi-
tions as Fig.8, but with the camera drive discon-
nected, Fig. 9 is, therefore, a record of the
absclute, rather than the relative flow.

The evaluation of the veloeity distribution
from records, such as those shown in Figs.8 and 9,
will be discussed in the following. At this point,
it Is interesting to note that the relative flows
show streamline configurations gualitatively simi-
lar to the potential flow caleulations shaown in
Fig.4. The intersection of the streamlines in
absolute flow (Fig,.9), most marked at the blade
mid-radius pesition, are due to the conziderable
circumferential variation in the radial component
of veloceity geross the blade passage. Particles
close to the leading blade face {Fig.B) have a
large inward {radial) velccity component, while
partieles in the eddy at the trailing blade face
have a small outward (radial) velocity. The fan
of radial lines shown in Fig.9 corresponds to a
mark along one blade edge, designed to show 1 any
flash tube failed to fire.

The eireuit used fo trigger the flash tubes
is shown in Fig.10. The output rfrom the magnetic
pickup was fed into a conventional bi-stable
multi-vibrator c¢ireuit, which glternatively pro-
vided a pulse for each of two collectors, con-
nected respectively to the "a" line and the "B
line. When the "A" line received a pulse, this
would switch off any stage which happened to he
ornt, The action of switching off this stage pro-
duced a pulse at its "on" position which, since
this was coupled ta the input of the next stage
in the chain, would switch it on. The next pulse
would be in the "B" line and would produce the
The process would be repeated at
the speed of the signal received from the magnetic
pickup, The output pulses, taken from the "on"

same Sequence.,

8

COMMON
MANIFOLD

ROTATING .
MaNOMETER ]|

‘ FERSPEX ROTOR

INLET FIPE
C.C. DRIVE MOTOR
WiTH WARD LECQMARD
SYSTEM OF SPEED

QUTLET PIPE COMTROL

Fig.11 Diagrammatic laycut of rotating manometer

ccllectors of each stage, were fed rirst to an
emitter follower stage to increase the power of
the switching pulses and then to a power output
stage, the collector load of whieh was the flash
tube., Pilot 1lights and storage oscilloscopes were
usged to indieate whether all tubes fired and to
record those which fail! to do seo. Addltiongl
circultry was also developed to double or gquad-
ruple the time interval between flashes, in order
to "space" the particles under certain flow con-
ditions,

3tatic pressure measurements in the blade
pacsage were made on the upper shroud surface and
For these tests, The camers
was replaced by a cylindrical cluster of eight
The mancmeter assembly was also
driven so that there was no relative movement to
the rotor. Fig.ll shows a diagram of the arrange-
ment, A similar method of recording pressures in
rotating machinery has been used by Acosta and
Bowerman {15), all the manom-
eter tubes were connected at their upper ends to
a common manifold. The lower end of each ftube was
coupled to a pressure tapping in the top shroud
of the rotor. Water was drawn into the manometer
tubes by reducing the air pressure in the manifold
below atmospheric pressure,

the tlade surfaces.

manometer tubes,

In normal operation,

One mancmeter tube
was permanently connected to a reference pressure
tapping point at the periphery of the top shroud.
The other manometers recorded the pressure differ-

ence from this reference pressure, The shroud
pressure tappings are shown in Fig.5. These were
distributed between two of the blades. The tap-

pings were equally spaced circumferentially at
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@ach of ten radial staticns. The oressures ab one
rarticular radius were reecorded simultaneously
with the reference pressure on egch test run. An
allowance wag made for the difference in the piteh
circele radii of the static pressure tappings and
the manometer, To recerd the pressure distribu-
tion in a blade passage for ocne test condition,
ten runs were required. The manifold pressure was
normally different for each run. In order to re-
late the pressures recorded on different runs

with one another and with the pressure level of
the water outside the rctor, it was necessary to
calibrate the reading at the reference pressure
tapping, in relation to the absolute stagnation
rressure of the [luid af the rotor tip. This was
carried out in a separate series of tests, TIn
these tests, two of the rotating mancmeter tubes
were connected together aft their lower ends. One
of these tubes was discommected from the manifold
and vented to atmosphere at its upper end. With
this configuration, the pair of tubes acted as a
simple U-tube for measuring the gage pressure in
the manifeld. Tt was then possible to deduce the
actual pressures at the rerference tapping, The
difference between the total pressure of the in-
coming liquid, Pgy: attd the reference pressure, p!',
when expressed as a coefficilent, po-p'/l/EpUg, was
Ffound £o vary as the square of the flow coeffi-
cient, £ = mean radial veloeity in rotor passage/
rotor tip speed = Vr/U2. For the geometry of the
raotor and gulde vahes shown in Fig.5, the rela-

tionship was po-p'/i/szg = 2-7752.
EXPERIMENTAL RESULTS
The rotor used in the tests f2 he discussed

here is shown in Fig.5.
31 wanes,

The nozzle ring contained
The exit angle was 73 deg. The radius
o' the nozzle trailing edge was 12,5 in. The
shrouds at the top and bottom of the nozzle wvanes
were extended beyond the trailing edge to give g
radial elearashce of 0,02 in. with the rotor
shrouds (Fig.5).
space,

This geometry gave a wide vortex
megsuring 3.5 in, radially between fthe
nozzle exit and the rotor inlet.

The tests fto be discussed were earried out
at 2 rotor speed in the range 160 o 200 rpm with
a flow coelficlent, # = -0,25 (the negative sign
indieating radial inflow}. The mean radial veloce-
ity, Vn, was taken as the volume rlow rate divided
by the flow area at the blade tip. Under these
conditions, the absolufte fluid flow angle in the
vortex space between the nozzle and the rotor was
67.3 deg, This gave a mean angle of ineidence at
the rotor inlet radius of 29,2 deg. C(Care must be
exercised in defining the angle of incidernce in
flows where thevre 1s an appreciasble blade to blade

variation of flow angle. The large annular cleagr-

\_.I"" = Meah value of mlct whitl to produce
local zero incidence at blade n
potentiai fiow

g,“, = Mean relative fiow gngle to produce

zerc incidence at blade in
potential fiow

Oy =Flyd angle between nozzie and
rotor in vorlex space

£ =aAngle of incidence for bulk flow

Yez
-
' Buy
OV, !
"--\.\ 2 Vra wz B
Up
FOR ¢ - - 025
Vez - O0-Bl4Ug
' - 25 Uy
=29 = 67 3°
Bav - 28 8°
A = 29.2°

Fip.1l2 %¥=loeity triangle at rotor inlet

ance upstream of the rotor biading created the
situation of an upstream "boundary condition" well
removed from the blading, as was assumed in the
potential flow calculations (Fig.t), These calcu~
lations showed that the loeal angle of incidence
at the blade could be significantly different from
the angle which the bulk flow made with the blade.
From the potential flow ealeulation [Fig.h}, zero
incidence loeal to the blade tip was achlieved when
the mean tangential component of the absoclute
fluid veloeity, ﬁbe, was 0,814 U,. The velocity
triangle at the blade tip 1s shown in Fig.12,

When the absolute flow angle was 67.3 deg and

Y 5 = 0.814% U,, the mean relative flow angle was
2@.8 deg, The flow coelficient, & = V /U2 = 0.25,
gave a mean relative Flow angle of 58,0 deg. On
this basis, the mean angle of incidence was

58.0 deg - 28.8 deg = 29.2 deg.

Flow Visualization Results

In order to obtain a quantitative picture
of the velocity distribution over the whole blade
rassage, a large number of photographs similar to
Fig.8 must be analyzed until trajectories have
been identified which pass through all regions of
the flow field. DIEnlarged photographs of the tra-
jectories were processed on an ¥~Y reader and the
coordinates stored on punched paper tape. The
nature of the triggering cireuit for the elee-
tronie flash unit ensured that, regardless or
rotor speed, the rotor moved through a fixed angle
between successive flashes, The spaeing of the
dots on the relative flow photographs {Fig,8)
could, therefore, be readily expressed as the di-
mensionless relative velocity ratio, q/U2. Fig,13
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Fig.1l2 Relative veloeify distribution.
Comparison of flow visualization data with
potential flow rator blades and blade spacing
4 Targe-scale turbulence within the rotor.
A11 the foregolng causes may or may net be pres-
shows the results of an analysis of a large number ent. Nobtwithstanding these efrfects, some gen-
of records of the twpe shown in Fig.8. The radial eral trends are clearly present. Outside the

component of the relative veloeity (qr/Ue} is rotor, radius ratio greater fthan 1,0, the general
shown as a function of £ at a number of radius trend in the experimental results agrees with the
ratios, These are the raw results, obtained by votential sclution. As we pass into the rotor,
direct aznalysis of the photographs. The scatter the experimental points fend to drift upward from
is due to the variability of the flow. This can the potentlal solution, The "slope" of the results
be seen by visual Inspection of a typieal photo- follow the potential solutions. Since the blade

graph in Fig.8., on the same graph (Pig.13), the height varies with radius in such a manher as to
potential flow solution for the veloeity distribu- maintain a constant flow area, the average value
tion, from Fig.4, is shown. A discussion of these of 4y should be the same at 2ll radli, anhd the
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results follows later. mean value aof qr/U2 should be equal to the flow
coefficlient -0.25 at each radius., The potential
Pressure Distribution Resulfs flow veloeity distribution satisfies this condi-
The results of the survey of the statie tion., The experimental results appear to indicate
pressure disfribution on the rotor upper shroud a progressively increasing value of g, with de-
are shown in Fig.l4, The test results at the crease in radius. Some possible explanation for
locations shown in Fig.5 were proeceszsed in g com- these effects may be:
puter to give lines of constant pressure coeffi- 1 Bouhdary-layer effects reducing the
cients, p—po/1/2pU2. The comparative potential effective flow avrea
solution is shown in Fig.,l, 2 Increase in the eddy region. The phoko-
graphic analytical fechnique does not
DISCUSSION OF RESULTS differentiate between flow directions.
2 The low particle speeds, particularly in
Flow Visugligation the eddy region, did not give a readable
The variability of flow in the rotor passage trace and were, therefore, missing from
may be due to a number of possible causes. These the photographs.
may be: The possible explanation is probably a combination
1 Nonuniform flow entering the rotor re- of all these effects.
sulting from nezzle blade wakes dis-
turbances upstream of the rotor or im- Fressure Distribution
perfect nozzle spacing A comparizson of the experimental results
2 Three-dimensional flow within the blade {Fig.4} and the potential results (Fig.4}) show
vagsage that the recorded pressure coefficients are lower
3 Geometric dissimilarities between the than the ideal wvalues by ah amount varying from

10




0.3 to 0.2. Pressure gradients along the trailing
blade face {af the right-hand side of the rfigure}
are predicted regsonably well by potential flow,
but there is some discrepaney at the leading hlade
face.
not only with what might be anticipated from fluid

The lower observed pressures are compatible

friction considerations, but also from the gbserved to be acceptable in the real flow.

higher relative velocities in Fig.13.

General Discussion

The work discussed in this paper is a pro-
gress report on the studies in radial turbomachin-
ery currently being pursued at the University of
Manchester Institute of Science and Technology.

At this stage no definite conclusions ean be drawn.
The resulfts reported here and in a previous paper
(5) indicate that the potential solufions of the
flow in the radial rotor passages give a good gual-
itgtive picture gnd fairly reasonagble guantitative
results, It is gquite clear that boundary-layer
effects are significant. It follows, therefore,
that for reliable guantitative results,
method of ineluding the fluid frietion in the ana-
lytical technigues is required. Three methods,
varying in complexity, may be used. These gre:

1 The Introduction of a loss term in the
basic equations elither as a loss in stagnation
pregsure or an inerease in entropy. This method
has been described by Katsanis (8-10) and applied
by Bensen, Cartwright, and Woellatt (4) to a small
radlal turbine. It should not be diffiecult to
inelude this in the methods used in this paper.

some

2 The computation of the boundary-layer

An attempt has
been made to apply this technique with some suc~
cess, provided separation does not oceur in the
passage.,
far, separation appears to ceceur with normal flow

growth on the blade passage walls,

In the caleulation procedures used so

rates even at zero Incidence, buft not in all
cases. Some gualitative assessment, however, may
be made particularly with regard to fluid frietion
losses and blockage, The latter may be included
in the rotor gecmetry and the former in some loss
term as desceribed in the foregoing,

3 The solution of the full fluid flow egua-
tions with viscosity and turbulence terms, This
is the most complex of all the methods and depends
to a great extent on the size of the computer
facility.
lines, and some results may be available at the
presentation of the paper.

Despite the lack of definitive guantitative
information from the potentisl solution, the
methods can still be used to assess a desigh. For
example, Lhe actual performance of a turbomachine
may be well doecumented. Running conditicns may be
known at which, for example, the flow separates at
a certaln point, and other conditions may be known

Preliminary work is proceeding on these

The flow at
the two Fets of condiftions could be analyzed by

the potential methods. By comparing pressure
gradients, as indicated by the frictionless egleu-
lations, experience could be gained in the 1imit-
ing calculated value of this parameter which proves
Here, of

it is imporfant to have s reliable poten-
tial solution, The methods discussed in this

paper offer such a fechnique.

at which separation deoes net aceur.

course,

The sccommilation
of experimental work on the rig deseribed in this
paper will enable the introduection of suitable
modifying factors to be introduced into the ana-
lytical method whiech will enable a c¢loser guanti-
tative prediction,
pursued.,

This work is currently being

CONCLUSTONS

The paper reviewed current work on flow in
radial turbomachines bteing carried out in the
Tniversity of Manchester Institute of Science and
Technology. A numerical solution for potential
Tlow in a rotating impeller 1s deseribed and the
results of a calculation presented. An experi-
mental facility is described to examine the pres-
sure and velocity disfribution in a rotating cas-
cade with either inflow or ocutflow.
are given for a straight-vaned, constant area,
impeller operating under radial inflow turbine
conditions. The experimental results show that
the general trends of the relative velocity and
statie pressure distribution in the rotor predictea
by the potential btheory were observed. The dif-
ferences bebween experiment and theory could be
accounted for by friction effects in the passage
asgociated with boundary-layer growth and turbu-
lence.

The results
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