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ABSTRACT

Measurements of the three dimensional flow field in

annular turbine nozzle guide vanes present an important
step in the simulation of the real flow conditions in
turbomachinery bladings. This paper seeks to determine
whether the installation of a rotor closely behind a high
hub-to-tip ratio cascade (DH/DT=0.8) is indispensable for
establishing correct flow conditions at the cascade exit
or whether the use of an axial diffuser of a certain
length is sufficient. Also, an attempt is made to sepa-
rate the possible effects of the rotor blades from that

of the rotating rotor disc.
The tests are carried out on a low speed, low aspect

ratio, high turning nozzle guide vane. The flow is ex-
plored by means of a double head four-hole pressure probe
and the results are presented in the form of contour plots
and spanwise pitch-averaged distributions of losses, flow

angles and static pressure.

NOMENCLATURE

C	chord

CP O	local total pressure coefficient,

(P oi, MS P)/(P01,Ms a ,
CPO	total pressure loss, (P c1,MS P o,2 )/(P0i,MS P s,2 )
cp s	local static pressure coefficient

(P01MS -P s,e )/(P o1,MS -P s,2 )
D	diameter
g	pitch
H	blade height
H 1 , 2	boundary layer form factor

N	rotational speed, number of blades
0	throat
P	pressure

Re	Reynolds number, Re = C S*V/v
T	temperature ==z

Tu	turbulence level, Tu = ✓vax/VMS

U	peripheral velocity of rotating hub end wall
V	velocity
V.	velocity fluctuation
X,Y	coordinates	(Fig. 3)

flow angle in blade-to-blade plane (referred
to axial direction)

c'	blade angle (angle between tangent to camberline
and axial direction)

flow angle relative to the rotor (referred to
the axial direction)

y	radial flow angle, y = arctg (Vr/Vax^
boundary layer thickness

6	boundary layer displacement thickness

DT

^V dr^

Cu	
ax

mass flow coefficient, rj, _
DT

J cV ax
dr ^

o	boundary layer momentum thickness
v	kinematic viscosity
p	density
Subscripts

1	upstream conditions, defined in plane X/C ax-O.70
2	conditions at the exit of stator, defined in

plane X/C ax =1.13
3	conditions at the exit of rotor, defined 0.0104 m

downstream of rotor trailing edge
atm	atmospheric conditions
ax	axial direction
H	hub
a	local
MS	mid span
o	total conditions
r	radial direction
R	rotor
s	static conditions
S	stator
T	tip

INTRODUCTION

It is recognized that progress in the research of sec-

ondary flows in turbine bladings can be obtained only by
simulating as closely as possible the flow conditions
existing in the complex environment of real machines. In-
vestigations of the flow field in annular turbine nozzle
guide vanes present an important step in this direction.
Different investigators [1,4,9,10] emphasized the signi-
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ficance of the radial pressure gradient and, mainly in
[1], the effects of the radial pressure gradient on the

flow field in annular turbine nozzle guide vanes have
been studied in great detail by exploring systematically
the whole field throughout the cascade passage.

Considering the importance of the downstream condi-
tions for the flow field in annular cascades it is vital
that the model test apparatus allows to reproduce the cor-
rect radial pressure gradient at the cascade outlet. In
a turbine stage the rotor is designed to match the radial
pressure gradient set up by the stator and to provide in
general a nearly constant radial pressure distribution at
the turbine exit. Due to the high expenses in building up
a complete turbine stage and the additional complications
in carrying out the measurements, most of the tests re-
ported on annular cascades, e.g. [1,3,6,7,10] are con-
ducted with an open outlet, i.e., the flow leaving the
guide vane is simply exhausted to a constant pressure
chamber (often atmosphere) via an outlet duct. This way
is often criticized, e.g. by Vavra in a discussion of a
paper by Fiedler [31 and in his book on "Aerothermodyna-
mics and Flow in Turbomachines", pp 167-168. Vavra argued
that the constant far downstream pressure can signifi-
cantly alter the cascade outlet flow conditions and intro-
duce eventually flow separation at the hub end wall. Si-
milar experiences have been made in England as expressed
by Spurr in a discussion of a paper by Goldman and Mac-

Lallin from NASA [6]. In [8], Denton reports on a novel
technique to reproduce the correct radial pressure gra-
dient by using a perforated plate instead of the rotor.
Sjolander [4] conducted his measurements turning the flow
downstream of the test section back to the axial direc-
tion via a row of outlet guide vanes but he reports also
that preliminary tests with and without outlet guide
vanes apparently did not show any effect on the outlet
flow field. Bammert and KiBukens [5] invesigated both
analytically and experimentally the flow in and down-
stream of an annular cascade with exhaust to a constant
pressure chamber and showed that the appearance of a hub
endwall boundary layer separation was clearly related to
the hub-to-tip ratio and the outlet flow angle, the dan-
ger of separation increasing for small hub-to-tip ratios.

The secondary flow investigation carried out at the
von Karman Institute [11 on an annular cascade with a hub-
to-tip ratio of 0.8 and exhaust to atmospheric pressure
via a cylindrical outlet duct followed by a conical dif-
fuser did not show any evidence of boundary layer separa-
tion at the hub up to the furthest downstream measurement
plane, i.e., at an axial distance of 70 of the axial
chord from the trailing edge. This absence of endwall se-
paration is a first indication that the unrealistic far
downstream conditions did not influence fundamentally the
flow field near the cascade. A further confirmation that
the presence of a downstream rotor should not modify pro-
foundly the outlet flow field is given by Van Hove [11].
The author compares the measured flow field presented in
[1] with a 3D, inviscid, rotational flow calculation im-
posing at the downstream boundary the radial equilibrium
condition. Figure 1 shows this comparison for the span-
wise static pressure distribution at 0.11XC ax distance
from the trailing edge plane (this plane is of immediate
interest for this paper but not shown in [11]). The agree-
ment is rather good, but this is not a definite proof
that the outlet flow in the experiment was not influenced
at all by the far downstream conditions.

In fact, in establishing the correct outlet condi-

tions, the downstream rotor introduces also a change of
the meriodional streamline curvature. At low speed, the
radial flow angles associated with it are small. However,
this is not the case for the radial flow angles within
the wake, which can take considerable proportions. Hence
it cannot be excluded that the rotor might have a non
negligible influence on the radial loss migration.
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Fig. 1-Comparison of the spanwise CP s distribution as
measured [1] and predicted by a 3D, inviscid,
rotational flow calculation (X/C ax = 1.11)

Another possible rotor effect could result from the gene-
ration of endwall boundary layer skew upstream of the
rotor through the scraping effect of the rotor blades
and the rotor disc.

In order to eliminate any doubts and in the absence
of any similar experiment, a test program was set up to
evaluate the effect of a downstream rotor on the outlet
flow field of an annular turbine nozzle guide vane and
moreover to separate possible effects of the rotor blades
from that of the rotating rotor disc. The flow is ex-
plored by means of a double head four hole probe in a
measurement plane behind the turbine nozzle guide vane.

EXPERIMENTAL FACILITY

The tests were carried out in the VKI open loop low

speed turbine test rig. The rig has been designed to
study different test section configurations. Previous
studies in the same test rig include the investigation
of the 3D field field in an annular turbine nozzle guide
vane with a collateral inlet endwall boundary layer [1]
and the effects of a skewed inlet endwall boundary layer
on the above flow field [101. The test configuration

used for the present investigation is shown in figure 2.

PR PT PL

R t •	ROTATABLE

<5.	
P

00I8m

-- Cr= 0.087=

C DT=0.71,

IDH.0s66 m	OUTLET DUCT •

VVV...

LENGTH OF CYLINDRICAL PART 0.36

LENGTH OF CONICAL DIFFUSER 0.38

Fig. 2 - Test section

A low aspect ratio stator (H/C=0.6) is followed by a ro-
tating blade row of an aspect ratio H/C=1.2. Both hub
and tip endwalls are cylindrical with diameters of 0.566
m and 0.71 m respectively. An effort has been made to
simulate correctly the position of the rotor relative to
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the stator, often taken in real machines equal to the
stator throat. Due to the short distance between stator

and rotor, the outlet flow field could be surveyed in one
plane only. This plane was chosen to be as close as pos-
sible to the first downstream plane of the tests reported
in [11. The axial clearance between stator hub endwall
and rotating rotor disc is kept as small as possible. It
varies from a minimum of 0.2 mm to a maximum of 0.4 mm.
The measurement plane is positioned slightly ahead of
this gap. Upstream of the stator a cylindrical inlet
duct of 0.57 m length generates an inlet endwall boundary
layer of representative thickness. Downstream of the
rotor, the flow is exhausted to the atmosphere via a cy-
lindrical duct of 0.36 m length and a conical diffuser
of 0.38 m length. The power of the rotor is absorbed by
a double-disk water brake dynamometer mounted on the shaft
of the turbine rotor at the exit of the conical diffuser.

The test arrangement allows to replace the turbine
rotor by a rotating hub endwall having exactly the same
geometry as the rotor disk. This "unbiaded rotor" is dri-
ven by a small DC motor replacing the water brake dyna-
mometer.

Details of the experimental procedure are given in[1].

BLADE AND CASCADE GEOMETRY

The blade and cascade geometry at mid blade height
for the configuration with downstream rotor is shown in
figure 3. The turbine stator has a constant profile over
the blade height and is untwisted. The blade coordinates

airs

M ^	11

J O<^5 m

ol0i m	 -

Fig. 3 - Cascade geometry at mid blade height

are given in [1]. Since the main purpose of the rotor is
to set up the correct radial pressure gradient, it was
decided that an untwisted rotor blade of constant blade
section along the height would be adequate. The rotor
blade profile is the same as for the stator. The only
difference with respect to the stator blade is a reduced
chord length : CR/C5=0.50. Evidently the rotor does not
work at optimum incidence along the whole blade height.
However, the inlet angle variation from hub to tip remains

within acceptable limits at the nominal working point
(see test conditions). The most important geometrical
characteristics of the fixed and the rotating blade row
are summarized below. The rotor disk of 0.075 m total
axial width extends from 0.0245 m upstream of the rotor
leading edge to 0.007 m downstream of the rotor trailing
edge.

NOTE : angles are given with respect to axial direction.
Relative to each blade row, the angles are given positiee
when pointing from blade pressure side to suction side.
The stator blade is stacked radially about point M (Fig.3).

A tripping wire of 0.2 mm diameter was placed on the
blade suction side at X/C=0.35 (chordwise position) [1].

71 niJ 3t	 x JTnrt

-tip diaireter, p,

-hub diameter, D H	,.Silo	- .

-chord length,	.P 1%	m	P.	n'.

-axial chord lendtn, t ax	_..,,' m	P.

-aspect ratio, H/C	11.6	1.2

-number of blades, iJ

-pitch to chord ratio	. . 

at hub,mean and tip

-inlet blade angle,	-7	--

-arc cos(0/g) at hub,	c_	 .C;

mean and ti)	_ii._

(measured values)

-tip clearance	 -	J.OJ ' 5.

-axial distance between	-	_..pC..
stator 3 rotor blades

TEST PROGRAM AND OVERALL TEST CONDITIONS

Test program

The test program consisted of three series of measur-
ements :
(a) tests with downstream rotor,
(b) tests with rotating unbladed rotor disks,
(c) tests with stationary unbladed rotor disk.

Test series (c) is not just a repeat of the previous ex-

periments in [1]. It differs from [1] by the clearance
separating the rotor disk from the hub endwal1. In order
to isolate properly the rotational effect of the rotor
disk, it seemed necessary to avoid any secondary effects
due to difference in the geometry of the endwall. Also,
the position of the downstream measured plane differs
slightly from that in [1] due to the use of a different
probe.

The measurements for all three cases included the
survey of the flow in a plane far upstream of the stator
leading edge (X/C ax =-0.70) and in a plane slightly down-
stream of the trailing edge of the stator (X/C ax =1.13).
The distances are given with respect to the stator lead-
ing edge plane. At X/C ax =-0.70, where the flow is circum-
ferentially uniform, 6 radial traverses were made. The

measurements at X/Cax=1.13 include 18 radial traverses
covering a stator pitch. The flow periodicity at the exit
of the stator was checked in [1]. For case (a), the flow
was also surveyed downstream of the rotor by 9 radial
traverses distributed equally over a circumferential dis-
tance equal to a stator pitch. Test results reported in
[9] and [121 show in fact a circumferential variation of
the rotor outlet flow with respect to the position of
the stator blades. Each of the above traverses from tip
to hub endwall contains 35 measuring points. The data
were recorded on magnetic tape and processed on a PDP
11/34 computer.

The test conditions are summarized in the following
table.

Upstream of the stator : X/C ax = -0.70 mid span

Tests	Tests
(a)	(b),(c)

-total temperature,-	 ._;J K	 =°1i 1C

-total Tressure, P-,	Patm+111
	_^.n i1 7	" e	u

a ri
T

-flow angle in blade-to 
-blade plane, :	'.,.,

-raeial flow angle,	u	0

-velocity, 1,1	14 ._ ac.ss	12.6. m/s

-Reynolds number, Re	1.14- lP'	11911-111

-turbulence, Cu	U.8':	0.8
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Downstream of the stator : X/C ax = 1.13

	

Tests	Tests

	

(a)	(b),(c)

-static pressure,	 Patm+45 mm H2O	Patm-7 mni H
2 0

P sz ,HLB

-Reynolds number, Reg	 2.8513 	 2.4510'
(at mid span)

-inlet flow angle rela-	-10.2°;+2.5;
tive to the rotor blade	+16.8'
at Y/H=0.2;0.5;0.0

Downstream of the rotor (0.0104 m from rotor trailing

edge) :	
Tests (a)

	-absolute flow angle, :, (at mid span}	 9°

-static pressure, P s (at mid span)	Patm+7.3 mm 6.0

NOTE : the static pressure field is radially uniform.
The rotational speed of the rotor (tests((a)) is

N=1000 RPM.
The rotational speed of the rotating unbladed rotor

disk (tests (b)) is taken N=875 RPM in order to have the
same ratio of the peripheral velocity of the rotating hub
over the axial component of the velocity, UH/Vax , as for
tests (a).

Upstream conditions

The radial distribution of the mass averaged total

pressure coefficient CP 2 at the far upstream plane X/Cax

=-0.70 is presented in figure 4. The inlet endwall boun-
dary layer characteristics are presented in the following

table.

Tip	endwa ll	1 Tests Tests Ref.	I11

(a) (b(,(c(

.1/H 0.16 0.16 0.15

,* ,H 0.021 0.022 0.025

H 0.216 0.017 0.019

e 1 1.33 1.29 1.33

Hub	endwall	: Tests Tests Ref.	[11
•a) (b(,(c)

.i/H 0.13 0.12 0.11 

2.019 0.017 0.017

•/H 0.013 0.010 0.010

1.41 1.67 1.67

to
Y/H

09

0a

0 2	 (b)(c) ROTATING & STATIONARY

UNBLADED ROTOR DISC.

	

01 .	/	/-(m)ROTOR

m
	0.0	 0.5	 010	 0.15

C P°

Fig.4 - Spanwise distribution of the total pressure
loss coefficient CP O, ( X/C ax = -0.70)

The overall loss CP O at X/C ax=-0.70 is measured equal
to 0.8% for tests (a) and 0.7% for tests (b) and (c). The

tip endwall boundary layer is fully turbulent for both
tests. The hub endwall boundary layer is in a transitional
state during tests (b) and (c) but nearly fully turbulent
for tests (a). This is partially explainable by the
higher value of the upstream velocity during tests (a),
moving the beginning of the hub endwall boundary layer

transition upstream.
The differences of the hub endwall boundary layer

characteristics appeared to be non negligible for a cor-
rect comparison between test series (a) and (b)+(c),since
they imply a different normal vorticity distribution at
the inlet, which might be sufficient to affect the down-
stream angle distribution. Calculations with a 3D, in-
viscid,rotational calculation method [11] showed that the
difference would result for series (a) in a linear in-
crease of the overturning from 00 at Y/H=0.14 to 0.6° at

Y/H=0.007 (first calculation point).

Experimental accuracy

The measuring accuracies associated with the four

hole probes are as follows

- radial position of probe	0. 0.1 mm
- axial and tangential position of probe	t 0.5 mm
- total pressure coefficient, CPO	± 0.01

- static pressure coefficient, CP s	± 0.02
- flow angle in blade-to-blade plane, a	± 0.8°
- radial flow angle in streamwise direction	± 1 0

Note that the measuring accuracy for the radial flow an-
gle deteriorates for distances from the wall smaller than
2 mm.

It should be mentioned that in addition to the direct
measurement errors, integrated values may be in error due
to a lack of data points in regions with high gradients.
A typical example is the pitch-averaged wake losses out-
side the secondary flow regions. With 18 radial traverses
in the downstream plane there are only 3 to 4 points in
the wake region. The number is insufficient to evaluate
correctly the wake losses and the integrated values have

to be taken with some precaution.

EXPERIMENTAL RESULTS

The experimental results are presented in a way to

facilitate the comparison not only between the three pre-
sent tests but also with the results of the tests repor-
ted in [1]. Both spanwise pitch-averaged distributions
and contour plots are shown. The total and static pres-
sures are presented in the form of pressure coefficients
CPo and CP s . As in [1], the radial flow angle y is cal-
culated from the ratio of radial and axial velocity com-
ponents : y = arctg Vr/Vax*

We also note that, due to the high values of the
downstream flow angle in the blade-to-blade plane a z , the
absolute value of the radial angle is considerably big-
ger than the flow inclination measured in the streamwise
direction. An error of one degree in the radial angle in
the streamwise direction amounts to about 2°-o3° error aft ,-r
after projection in the meridional plane.

Spanwise pitch-averaged distributions of flow angle,

total and static pressure

Comparison of the previous results [11 with
tests (c)	(stationary rotor disk)

Figures 5a,b,c present a comparison of the spanwise
pitch-averaged distributions of flow angle, total and
static pressure of tests (c) (downstream stationary rotor

disk) with the results reported in [1]. Figure 5a pre-
sents as additional information the flow angle distribu-
tion at X/Ca x =1.68 of the tests reported in [1]. We remind
that the small circumferential gap at X/C ax=1.145 at the
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1.0

V/ H

0.8

06

0.4

02

X/Cax =111 ([11)

X/Ca x =113 (PRESENT

TESTS (C)

X/C ax =1.681 [III

65	 70	Q2

I.)

1.0

Y/ H

08

06

04

0.2

J	0 1 	 0
750	005	01	0.15Ib) 02	Cpo	0.3	0.35	0.8

1.0

Y/H

08

06

04

0.2

0
60 0.9	 1.0	(c)	11	 1.2	BPS	13

Fig. 5 - Comparison of the spanwise distributions of flow angle, total pressure and static pressure as measured
during the present tests (c) and reported in [1]

hub endwall and the slight difference in the location of
the measurement planes are the only changes between the
two test series.

The spanwise distributions of the flow angle co 2 are
in very good agreement (Fig. 5a) and the static pressure
distributions are practically identical (Fig. 5c). Thus
we can conclude that the gap does not influence either
of them. The loss distributions show rather good agree-
ment for the upper half of the span where the differences
are within the measurement accuracy. The difference
around midspan, but in a general way all differences in
wake losses outside the secondary flow regions, are most
probably to be attributed to a lack of data points in
the high total pressure gradient region, as already ex-
plained in the section on measurement accuracy. The dif-
ferences in the spanwise loss distribution near the hub
are more difficult to explain. It seems that they present
rather a redistribution of the losses than a change of
their total amount.

Effects of rotor blades and unbladed rotor disk

The spanwise distribution of the flow angle a and
the total and static pressure coefficients CP O and PC s
for the test series (a), (b) and (c) are presented in
figures 6a-c.

Within the measurement accuracy the static pressure
(Fig. 6c) is the same for all three configurations ex-
cept at the hub within a distance of 5% to 10% of the
span. Both tests with rotor and with the unbladed rotor
disk show in this region a definite rise of the static
pressure, i.e., a decrease of the CP s , with respect to

the stationary rotor disk. On the other hand, Fig. 5c did
show that by comparison with the tests in [1] the gap
between the stator endwall and rotor disk alone did in
a way affect the static pressure distribution. Figure 6c
suggests therefore that the observed pressure difference
is due to the rotation of the rotor disk rather than due
to the blade. This seems to be confirmed by the fact
that the rotor blades do not cause any changes at the tip
endwall which could be attributed to them.

Next, let us turn to the spanwise loss distribution
(Fig. 6a). Again it should be kept in mind that the mea-
surements of the losses outside of the secondary loss
regions suffer from the limited number of points in the
wake. This is clearly demonstrated by the fact that all
CP O -values between Y/H=0.25 and 0.80 lie within a band-
width of ±0.6% (absolute losses) without showing any de-
finite trends. On the contrary, the loss distributions
at the tip endwall differ very little from each other,
indicating that the presence of the rotor blades does not
significantly influence the spanwise secondary loss dis-
tribution. Of course, it is not likely that the rotating
unbladed rotor disk could introduce any modifications at
all in this region. The good agreement between the tests
with stationary and rotating rotor disk can therefore be
taken as a sign for the good repeatability of the tests.
The situation at the hub endwall secondary loss core is
somewhat different. Between Y/H=0.25 and 0.12 there is
an excellent agreement between all three curves, however,
at about Y/H=0.08 both the rotor and the rotating unbla-
ded rotor disk curves are characterized by a drop in CP O

of 1.2 to 2 points, the higher value being recorded for

1.0

S//-I

08

0.6

0.4

0.2

- 0L-

0.75

(b) 0.2

	C pa	0.3 	0.35	0.8

1.0

Y/H

08 ----- (a)ROTOR.

--- (b)ROTATING UNBLADED

ROTOR DISC

-o- (c)STATIONARY UNBLADED

ROTOR DISC.
0.6

0.4

CORRECTION DUE TO THE

JJJ 7	UPSTREAM BOUNDARY

LAYER DIFFERENCES.

02

00

60.	 65.	 70	q2

la )

	

1.0	 .-

0/H

	

0.8	
-----k/ROTOR

---- I b) ROTATING UNBLADED

ROTOR DISC.-- - Id STATIONARY UNBLADED

	

0.6	
ROTOR	DISC.

0.4

----- (a) ROTOR

---- (b) ROTATING UNBLADED ROTOR DISC
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{c) STATIONARY UNBLADED ROTOR DISC

the rotating unbladed rotor disk. Similar as in the case
of the static pressure, it appears that the rotational

effect of the rotor disk is more important than the ef-
fect of the rotor blades, but again the effect is rather

limited.
As far as the flow angle, a, is concerned, we notice

first of all the very small differences of all curves in
the upper half span, except for a very local deviation of
about 1.2° of the curve for the rotating rotor disk at
Y/H=0.98. This can only be explained by a measuring er-
ror since it is excluded that this is a real flow effect.
The rotor blades impose not even the slightest outlet an-
gle variation. For the lower half span the analysis is
more problematic. Both the curves for the rotor and the
rotating unbladed rotor disk start to show higher a-values
for Y/H<0.5. Down to Y/H=0.2 there is an almost constant
difference of 0.7° which is in fact within the measuring
accuracy although one might expect that the accuracy of
pitch-integrated values should be higher than that of a
local angle measurement. For Y/H<0.2 the curves for the
rotor and the rotating unbladed rotor disk start to di-
verge, with slightly higher a-values for the rotor (a1°
to 1.5°) while the curve for the rotor disk takes an in-
termediate position with an almost constant difference of
±a=+l° with respect to the stationary rotor disk curve.
The rotor curve has still to be corrected due to the ef-
fect caused by a different inlet boundary layer. As in-
dicated before this has been done using a 3D, rotational,
inviscid flow calculation method. This correction (see
Fig. 6a) takes a maximum value of 0.6° at the wall and
decreases almost linearly to zero at Y/H=0.14. In con-
clusion, for Y/H<0.2 the a-angle for the rotating disk is
by al° higher than for the stationary disk and the curve

for the rotor al° higher than that of the rotating disk.
Measuring errors can explain partially the differences

but hardly all.

Contour plots of total pressure, static pressure and
radial f ow ang e

Since the spanwise distributions have shown that all
the effects of the rotating unbladed rotor disk are in-
cluded in the effects of the rotor, we restrict the compa-

rison of the flow contours only to tests (a) and (c).
The contour plots of total pressure, static pressure and

radial flow angle for the above two tests are presented
in Fig. 7. The amount of new information given by com-
paring the two tests (Fig. 7) is rather limited; the
same basic flow patterns are mainly observed.

As far as the static pressure is concerned, we notice
that the biggest differences occur within the wake region
and to the right of it (i.e., pressure side of the wake).
A check of the pitchwise static pressure distributions
at various radii indicated that the most important dif-
ferences appeared as a rather local pressure increase
in the wake of the order of 5-10% of the CP S -values.
Except in the hub region, these differences are too small
to significantly affect the pitch-averaged values. A
comparison of the pitchwise distribution of the static
pressure with downstream rotor to that obtained with the
unbladed rotating rotor disk did not show any particular
pressure differences across the wake but rather differ-
ences of the order of the measuring accuracy (±0.02 of
CP s -value) distributed smoothly along the entire pitch
which explains the differences between the two test se-
ries in the spanwise static pressure distribution in Fig.
6c. This seems to indicate the possibility that a local
change of the static pressure distribution at the hub
caused by the rotating rotor disk alone could eventually
be transmitted all through the wake to the tip, without
being in the pitch-averaged spanwise distribution of the
static pressure.

Keeping in mind a measuring accuracy of ±2° for the
radial flow angle after projection into the meridional
plane (±0.8° in streamwise direction), it appears that
the only noteworthy change introduced by the downstream
rotor is a local reduction of the inward flow at the re-
gion of maximum losses near the hub. This could be ex-

plained by the centrifugal effect of the rotor disk,
which can be expected strongest within a high loss region.

As far as the total pressure loss contours are con-
cerned, the most noticeable difference between the two
test series is a broadening of the wake from the hub to
about 60% of the blade height with downstream rotor.
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Fig.7-Contour plots of losses,static pressure and radial flo.! angle distribution at X/C ax=1.13 [Tests (a) and (c))
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Whether this can be related to the static pressure rise

in the wake region is not certain.

Overall losses and mass flow coefficient

The overall losses CP O measured at the plane X/Cax=
1.13 are 5.2%, 5.5% and 5.6% for tests (a),(b) and (c)
respectively. These values include an inlet endwall boun-
dary layer loss of 0.3%, 0.7% and 0.7%. The overall
losses reported in [11 are 5.4% at X/C ax =1.11 and 7.2% at
X/C ax =1.68. The small differences of the above mentioned
values at X/C ax=1.13 could be due to the experimental er-
ror. The higher Reynolds number during tests (a) could
also have a slight contribution on the lower value of

losses with downstream rotor.

The mass flow coefficient, n, defined as the ratio of
the mass flow downstream of the stator over the upstream
mass flow is 1.05, 1.06 and 1.05 for tests (a),(b) and
(c). These values are very sensitive to systematic er-
rors in measuring the upstream static pressure and the
outlet flow angle. A ±3o error of the mass flow coeffi-
cient could be caused by errors of the outlet flow angle
measurement equal to the measuring accuracy; an error of
the same order of magnitude can be expected from errors
involved in the measurement of the upstream static pres-
sure. Reported values from measurements in plane casca-
des situate the discrepancies at the inlet-outlet mass
flow rates on the same level (5% by Langston in [13] and
8.6! by Moore and Ransmayr in [14]).

CONCLUSIONS

1. The presence of a downstream rotor introduced local
changes to the outlet flow field of an annular cascade
with a hub-to-tip ratio of DH/DT=0.8 and about 65° outlet
flow angle, but no fundamental modifications were observed.
2. These changes appear to be due to the effect of rota-

ting rotor disk than due to the rotor blades.
3. Except for a moderate static pressure rise of 5-10%
throughout the entire wake region, all changes are limited
to the lower half span. Within the extension of the sec-
ondary flow region, local moderate changes may occur for
all flow values.
4. The pitch-averaged spanwise distributions show only
minor changes close to the hub; about 5% for the static
pressure, 1° to 2° for the overturning and a local drop
of tit% for the losses. The overall losses are not af-
fected.
5. It is possible to carry out high hub-to-tip ratio an-
nular nozzle tests without a downstream rotor if the out-
let diffusing duct is long as in the present case. The
above conclusions might not be necessarily applied to
nozzles with considerably higher outlet flow angles.
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