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SUMMARY

This memorandum describes a series of tests on a conventional
gas turbine nozzle blade under conditions similar to those encountered
in the N.R.C. Fan-in-Wing scheme»

Total pressure losses and air efflux angles have been measured
within a small range of incidence on two designs of blade» The effect
of a, constant span, aspect ratio change of one design has also been
briefly investigated»

Results have shown that the conventional blade nozzle compared
favourably with the "flat-plate" design the total pressure losses be-
ing 6.4% and 8.36% respectively. Mean air efflux angles have been found
to be within 2½0 of the design value under all conditions tested.



NATIONAL RESEARCH COUNCIL

DIVISION OF MECHANICAL ENGINEERING Page 5

LABORATORY MEMORANDUM

1.0 INTRODUCTION

The proposed "fan-in-wing” unit, providing the lifting force of
a V.T.O.L. aircraft is powered by the exhaust gases of a turbo-jet engine.
These gases are fed into a 360 degree volute, and hence through nozzles to
the rotor blades of a tip turbine mounted at the periphery of the fan.
Previous nozzles tested have been of a somewhat unorthodox "flat-plate1’
design producing no net turning of the gas, and achieving acceleration
solely by convergence of the nozzle side walls. Tests on these nozzles
have been described in References 1 and 2 O

Since the apparatus used and experimental procedure employed
closely resembles that described in Reference 1, a full description is
not included here.

2.0 STATOR BLADE CASCADE RIG

The cascade rig, which was designed to provide flow conditions
comparable to those created by the volute is shown diagrammatically in
Figure 1. It was the same rig as described fully in Reference 1, but
with a few minor modifications.

The air flow was generated by a 1$ H.P. centrifugal blower and
was smoothed by supply and transition ducting before reaching the work-
ing section. The volute specifications of cross-sectional area reduction
were simulated in this working section.

The nozzle mounting block, which is shown in Figure 2 fitted with
a set of blades, was a fabricated frame holding the blades in flat parallel
side plates 1.5 in. apart. Three pairs of side plates were made in order
that the blades could be mounted at minus six, zero or plus six degrees
incidence to the nozzle entry flow.

Unlike the "flat-plate" nozzle design, the aerofoil nozzle had a
constant passage width of 1.50 in. It was therefore necessary to modify
the rig to provide a passage of this width immediately upstream of the
blades. Two suitably contoured filler blocks, shown in Figure 3, were
fitted in the duct extending well upstream and downstream of the work-
ing section.

2.1 Instrumentation

Total pressure at nozzle outlet was measured with a 0.062 in.
diameter probe which was traversed in a plane 0.25 in. above the trail-
ing edges of the blades. This probe was aligned with the theoretical
flow at the commencement of each test and was sufficiently insensitive
to air angle variation to be able to deal with all the practical angle
discrepancies.
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Air efflux angles were measured with a two tube yawmeter as shown
in Figure 4. Since this type of instrument is sensitive to pressure gra-
dients occurring along its axis angles were only measured to within 0.10 in.
of the nozzle walls.

3.0 TESTING

The three types of blade tested were as follows:-

Type 1 - A cambered aerofoil section of 0.7 in. chord having a
0.010 in. leading and trailing edge radius (Figure 5).

Type 2 = A section of 0.7 in. chord comprised of a circular arc
and straight lines having a 0.020 in. leading edge radius
and a 0.010 in. trailing edge radius (Figure 5b).

Type 3 - As Type 1 but with all section dimensions doubled.

All blades had a span of 1.5 in. and were tested at a pitch chord
ratio of 0.714.

3.2 Conditions

Throughout the programme the total pressure at inlet to the work-
ing section was held at 43.6 in. of water (gauge). This was done by ad-
justing the throttle at the blower inlet. In the case of the Type 2 blades
at =6 degrees incidence;, the blower was incapable of maintaining this head
and consequently a total pressure in the duct of 40.5 in. of water was used.
This undoubtedly slightly reduced the nozzle outlet Reynolds number but the
effect was considered insignificant. To simulate the conditions of the
volute., the duct dynamic pressures upstream and downstream of the working
section were equalized by adjustment of the butterfly valve in the exhaust
section of the ducting.

3.3 Procedure

(a) Total Pressure Loss Measurements

Having established the required duct conditions, a total pressure
traverse at mid-span was carried out. From the resulting graph (Figure 6),
the nozzle which appeared least affected by the end effects of the rig was
selected for further investigation.

The datum for the traverses was established by positioning the
probe in the wake of the blade at mid-span. For tests on Type 1 and Type 2
blades, having a pitch of 0.50 in., the total pressure traverses covered an
area from 0.250 in. upstream of the fourth blade to 0.250 in. downstream.
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Readings were taken at points on a grid system having 0.10 in. increments
in the spanwd.se direction and 0.050 in. increments transversely. For tests
on Type 3 blades} in which only three passages were available, the traverses
were made between the second and third blade wakes using a square grid of
0.10 in. spacing.

The grid of values obtained from these traverses was analyzed by
calculating a mass-weighted mean total pressure using a Bendix G.15 computer
programme. Some of the results were also used to plot contour graphs of
total pressure loss.

(b) Air Efflux Angle Measurement

Initially the yawmeter was set to give the same pressure in both
tubes at zero indicated incidence in a known airstream.

Air efflux angle measurement was carried out by rotating the probe
about its axis to give a null reading on a single manometer. Measurements
were made at the same points as the total pressure readings. The grid of
values obtained from these traverses was used to provide an arithmetic mean
discharge angle. Some of the results were also used to plot contour graphs.

4.0 DISCUSSION OF RESULTS

4.1 Total Pressure Losses

The results tabulated in Figure 7 and plotted in Figure 8 show
clearly that the Type 1 blade was superior to the Type 2 blade (see Figure 5).
An examination of the respective loss contours, shown in Figures 9 and 10,
shows that the difference lies primarily in the size of the blade wakes.
Since the contour plots are otherwise very similar, the difference in per-
formance must be attributed to the profile loss of the blade and not to any
.major change in secondary flow.

The comparison between Types 1 and 3 blades was an attempt to de-
termine the effect of chord length on the total loss coefficient, with con-
stant height and pitch/chord ratio. The observed results, Figures 7 and 8,
show a slightly lower loss as the blade chord is increased. However, it is
again pointed out that due to limitations imposed by the size of the test
rig only three nozzle passages could be accommodated with the Type 3 blades
and hence these results must be considered to be of an appreciably lower
level of accuracy. The well established data quoted by Ainley (Reference 3,
Section 5.2) state that a slight increase in total loss has been found as the
chord is increased, blade height and pitch/chord ratio being constant. In
view of these considerations it is concluded only that the large change in
chord length between Types 1 and 3 blades produced no significant effect on
the total pressure loss.

The results of tests made at off-design incidence (Figures 7 and 8)
show that for a variation of +6 degrees in air inlet angle, the effect on
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total pressure loss was small» Blade Types 1 and 2 behaved in a similar
way whereas Type 3 showed a greater sensitivity, particularly at positive
incidence» An examination of Figures 10, 11 and 12 shows that to a lesser
extent this was also true of the Type 1 blade» The loss contours indicate
a marked change of the flow in the region of the blade wake at +6 degrees
compared with that at zero degrees, but little change at -6 degrees.

4.2 Air Efflux Angles

The results of the air efflux angle surveys are given in Figure 13.
The reason for the large difference in efflux angle shown between the "flat
backed’’ blades and the two types of aerofoil blades which is suggested in
Reference 3 (Section 4.3 )s is that in the case of the latter blades the air
stream is further deflected along the section of the aerofoil between the
throat and the trailing edge. Figure 14 is a typical contour plot of efflux
angles. It shows that, the efflux angle varies over the passage by about 4
degrees, with an arithmetic mean value 2 degrees less than the design angle
of 25 degrees.

5.0 CONCLUSIONS

1. The cambered aerofoil blades were superior to the flat backed
blades, in terms of loss in total pressure.

2. The indicated superiority of the large aerofoil blades over
the smaller ones is considered dubious, and the conclusion is drawn that
there is no significant difference between the two types.

3. The flat backed blades gave an air efflux angle greater than
the design angle whereas the cambered aerofoil blades gave smaller angles.
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FIG. 7

TYPE 1 S-ADE

INCIDENCE DUCT ΔΡτ
Ρτ  °/ o

ARITH. MEAN
EFFLUX ANGLEPa P T

+ 6° 3.9 43 .6 3.1 7. 1 ! 18 .6°

0° 6-9 43. 6 3 .0 G.88 23 .  2°

-6° 10.25 43- 6 3 .08 γ. 0 6 28 .8 ’  ·'

TYPE 2 BLADE

INCIDENCE: DUCT / \  p-j- ΔΡτ o/
Pr /o

AR ITH. MEAN
EFFLUX ANGLEPo Pr

+ 6° 5-0 43 .6 3. 6 8 ·26 2 / . / °

/ ° ° 8-4 . 43 .6 357 8-/9 2 6.7“

- 6 ° / / . 3 40-5 3· s 8-52 32 .5°

TYPE 3 BLADE

/NC/OEMCE Duer
Δ p T Ρτ %

ARITH MEAN/
EFFLUX ANGLEPo Pr

4-6’ 3 .9 43 .6 3.19 7. 3 /7  8°

0° 6.9  ' 43. 6 2 .82 6 .45 22 .9°

-6° /0 .3 43· 6 2 .95 6.76 28-5  -

I
TEST PESUL7S



FIG. 8

TYPE a BL-

***· -— -) _ -

7~YPE i βΖ-AD
L_ iE\

ί
/

✓r
——

H :
r --- x

Ί
1

~YPE :

1

3 Bi-AΦΕ 'TO
TA

L 
P

R
E

S
S

U
R

E
 L

O
S

S

6* 4 ’  2* - θ ’  + 2 '  4° 6*
BLADE INC/DENCE

TOTAL PRESSURE LOSS Vs. INC IDENCE



FIG. 9

BLADEL N- 4
D/$V/S

3020

20 )O 5 3 2. 1! 120' Ι -
ΙΟ 15 25 25 15

3015

7° LOSS ÇON/TOURS FOR BLADE TYPE Z ΔΤ  ZERO INCIDENCE



FIG. 10

BLADE A/2-4

25-
'20

15 15/ 10 10

O (

10

2.0

-20
•25

7 LOSS CONTOUR'S FOR BLADE TYPE. 1 AT ZERO DEGREES ÏNCtOENG&

‘ ‘Λ



FIG. H

β ί -ADE l  A /â -4
υ/s T)/s

15

15 15 10102 3

15.

10

15
•20

ιο

7» LOSS CONTOUR,  b FM ÜIMDF ΤγΡΕ  1 AT *fc DEGREES INC IDENCE



20

2

*20.



FIG. 13

INCIDENCE BLADE N31 BLADE N2 2 BLADE N ? 3
DEVIATION DEVIATION DEVIATION

♦6* -2 .Γ -1.2

0° - 1.8° 1.7° -ar

-6° -a.2° -1 .5 ° -2 .5°

E
F

F
L

U
X

 
A

N
G

LE
 

D
E

V
IA

T
IO

N
(D

E
O

R
E

fT
)

I 
I 

+
+ 

+
[\

) 
" 

Ο
 

—
 

Γϋ
 

ω

TYPE 3 BUDE

G* a e - o e + 2° <
ÔLAD E [NC lQ iNCE

EFFLUX DEVIAT ION FROM DESIGN ANGLE



F
.Λ

FIG. Η

υ /s 8LAD£ |A7  S - A

Z4

-22
X X x

I
!

—

EFFLUX ANGLE CONTOURS FOR 8LAOE TYPE 1 AT ZERO
DEGREES OF /NC IDENCE


