NASA CONTRACTOR
REPORT

s

NASA CR-2244

" DESIGN AND EXPERIMENTAL RESULTS
_FOR A TURBINE WITH JET FLAP STATOR
. AND JET FLAP ROTOR

()
L)

é;;i‘gtby James L. Bettner and Jerry O. Blessing

s Prepared by

~ DETROIT DIESEL ALLISON DIVISION

“ GENERAL MOTORS CORPORATION
Indianapolis, Ind. 46206

fJor Lewis Research Center

NATIONAL AERONAUTICS AND SPACE ADMINISTRATION < WASHINGTON, D. C. « MAY 1973



1. Report No. 2. Government Accession No. ST 3. Recipient’s Catalog No.
NASA CR-2244
4. Title and Subtitie . 5. Report Date

May 1973
6. Performing Organization Code

DESIGN AND EXPERIMENTAL RESULTS FOR A TURBINE
WITH JET FLAP STATOR AND JET FLAP ROTOR

7. Author(s) 8. Performing Organization Report No.
James L. Bettner and Jerry O. Blessmg EDR 7389
10. Work Unit No.

9. Performing Organization Name and Address

General Motors Corporation ) ' 11, Contract or Grant No.
Indianapolis, Indiana 46206 ' ' NAS 3-14303
- ) 1 13. Type of Report and Period Covered
12. Sponsoring Agency Name and Address - ’ - Contractor Report

National Aeronautics and Space Admin,i_stration
Washington, D.C. 20546

14. Sponsoring Agency Code

!

)

15. Supplementary Notes ‘ .
Project Manager, Stanley M. Nosek, A1rbreath1ng Engmes Division, NASA Lewis Research
Center, Cleveland, Ohio . : : -

16. Abstract S
The overall performance and detailed stator perforinance of a negative hub reaction turbine
design featuring a moderately low solidity jet flap stator and a jet flap rotor were determined.
Testing was conducted over a range of turbine expansion rat1os at design speed At each
expansion ratio, the stator jet flow and rotor jet flow ranged up to about 7 and 8 percent,
respectively, - of the turbine inlet flow. The performance of the jet flap stator/jet flap rotor
turbine was compared with that of a turbine which used the same jet flap rotor and a conventional,
high solidity plain stator.” The effect on performance of increased axial spacing between the jet
stator and rotor was also investigated.

17. Key Words (Suggested by Author(s)) } 18. Distribution Statement
Turbine aerodynamics - | Unclassified - unlimited
Jet flap airfoils ‘
Aerodynafnic variable geometry
Stator-rotor spacing

19. Security Classif. (of this report) 20. Security Classif. (of this page) 21. No. of Pages 22, Price®
Unclassified Unclassified A 164 .$3.00

*For sale By the Neltional Technical Information Service, Springfield, Virginia 22151

—<~




Page Intentionally Left Blank



TABLE OF CONTENTS

Title

Symbols. . . . . i L . e e e e e e e e e e e e e e e e e e e e e e e e

Vane Aerodynamic Design. . . . . .. ... .. ... e e e e e e ..
Velocity Diagram Study . . . . . e e e e e e e e e e e e e .

Solidity Considerations and Airfoil Design . . . .

Jet Slot Design. . . . . . & v v v v v v v e e e e e e e e e e e e

Vane Cavity Design ., . . . . . .. . . ..

Mechanical Design . . . . . ... .. ... ..
Test Rig. . . . .. e e e e e e e e e T

Dynamic Analysis , . . . . . . . . . . e e e e e
Stress Analysis . . . . v v v vt v i e e e e e e e e e e e e

Apparatus and Instrumentation. . . . . . .. .. ..

Calculation Procedure . . . . .. . . . . e e e e e e e e e e e
Overall Turbine Performance. . . « « v v v ¢« o o v v o v o o o o s
Rotor Exit Survey . . . . . . e e Y e e e e e e e e e e e .
Stator Exit Survey. . . . . . . ... ... .. e e e e e e e

Experimental Results . . . ... ... ... .. et e e e e e e e e e
Phase I—Turbine Design Point Optimization Test e e e e e e

Reaction . ... ... .. e e e e e e e
Flow Rate. . . . . . e e e e e e e e e e
Gas Angle. . . . . ... ... .... e e e e e e e e e ..
Equivalent Torque and Work. . . . .. e e e e e e e e e .
Efficiency. . . . . . . .. .. ... e e e e e e e e e e e

Vane Surface Velocity Distribution, ,

Phase II—Variable Area Test . . . . . . v v v v e v v v v o s &
Turbine Flow Rate . . . . .. . ..
Turbine Static Pressure . . . . . . . . . . ... e e e e s e e
Turbine Efficiency . . . ... .. .. e e e e e ..
Rotor Exit Surveys . . . . . . ¢ v v v ¢ ¢ ¢ « o &

Phase III——Stator Detailed Performance Test . . . . . . . . . e e
Turbine Flow Rate , . . .. ... ... .. e e e e e e . . 0 .
Jet Momentum Coefficient . . . . . . . . ¢ . . ¢ v v oo
Lift & o . o s e s i e e e e e e e e e e e e e ..
Stator Exit Survey ......... e e e e e e e e . o
Aerodynamic Midspan LLosses . . . . . . . .. . o e e e e e

[9)]

N~ O 00

—

13
14
14

15

17
17
18
18

23
23
23
23
25
25
25
25
28
29
30
30
31
31
31
32
33

34
35



Title Page

Contour Maps. . . . . . T e e e e e e 35
Circumferentially Averaged-L.osses . . ., « v o v ¢ v o + v -uis o 36

Mixed Station Calculation,-. ... ... . . . R T |
Complete Passage -L.oss Calculations -, . . . . ... - 1/

Gas AngleContour Plots , . . . ... .., ... ... ... . 38
Circumferential Average Angle , ... . . v v« s e v ¢ o c. . 38
Boundary Layer Parameters. . . .. ... P £

Phase IV— Rotor/Stator Axial Spacing Test . . . . . ... ... .. 39
Summaryof Results . . . . ¢ . ¢ v v 0 v v vt b e e e e e e e ... 41
References . . . . . v v v v v v v i v v v it et e e e e e e e .. 44
AppPendiX . . v v i e e e e e e e e e e e e e e e e e e e e o e e e e 46

iv



"7fab1e

IT
III

IV

-Jet flap turbine design point conditions" .
Jet flap stator vane section coordinates , .'. v

LIST OF TABLES

‘Title

.............

Comparison of solid stator and- jet flap ‘'stator geomet¥ic - -
characteristics. . . . . : S

Jet flap radial-distribution of equivalent forces. . .. .-/ .



LIST OF ILLUSTRATIONS

Figure Title Page
1 Modified jet flap -rotor assembly e e e e e e e e e e e 52
2 Stage velocity diagrams with stator jetflap . . . . .. : 53
3 Stage velocity diagrams without stator jet flapon . , . . 54
4 Jet flap stator velocity and boundary layer shape

' factor distribution with jet flapoff . . . . . .. . .. 55
5 Jet flap stator velocity and boundary layer shape
' factor distribution with jet flapon'. . . . . . .. .. 56
6 Tip, mean, and hub section and jet slot details . . . . . 57
7 Suction and pressure surfaces of the plain and jet
flap stator vanes .'. . . 58
8 Jet flap stator internal guide vane assembly C e e e e e 59
9 Rework of forward rig case . . . . . el e e 60
10 Jet flap stator assembly (aft looking for'ward) e e 61
11 Jet flap stator assembly. . . . ... .. e e e e e e 62
12 Jet flap turbine flowpath schematlc ‘and des1gn pomt v
. conditions , . . . . . ... ... .. .. s e e e e 63
13 Stator exit survey cone probe . . . . . . .. ... % ... 64
14 Stator exit survey cone probe geometry .. ... . ... 65
15 Jet flap stator hub pressure surface static taps . . . . . 66
16 Static pressure tap location. . . . . . .. e e e e e e 67
17 Effect of rotor and stator cav1ty pressure on stator
and overall turbme total-to-static expansmn ‘
ratios . . . .. 0. .00 e e e e e e RN 68
18 Equivalent primary flow variation with stator and
rotor cavity pressure rat1o at de31gn speed and
expansion ratio . . . . . . e et e e e e e e e e e e 69
19 Effect of stator and rotor cavity pressure ratlo on '
stator inlet flow reduction at design speed and
expansmnratlo.................".‘.‘. 70
20 Variation of rotor inlet flow with stator and rotor
cavity pressure ratio, .". .. . ... . T e e 71
21 Variation of total flow with stator and rotor cav1ty
pressure at design speed and expansion ratio . . . . 72
22 Variation in equivalent stator jet flow for various '
' stator and rotor cavity pressure ratios of design
speed and expansion ratio . . . .. .. e e e 73
23 Variation of stator jet to primary flow ratio with stator
‘ ‘and rotor cavity pressure ratios at design speed
and expansionratio. . . . .. . . . .. e e e e e 74
24 Equivalent rotor jet flow variation for various rotor
and stator cavity conditions at deS1gn speed and
expansmnratm.................... 75

vi




LIST OF ILLUSTRATIONS (cént)

Figure Title Page'

25 Varlatlon in rotor exit absolute gas angle with stator

and rotor cavlty pressure ratlos at de51gn speed

and expansion ratio. . . . ... .. ... ... Coee 76
26 -. Variation in equ1va1ent torque with stator and rotor

cavity pressure ratios at design speed and [

expansionratio . . . ... . L L L0 L0 e e e ' 1
27 Variation in equivalent work w1th stator and rotor

cavity pressure ratros at design speed and )

expansionratio . . . ... ... L0 L. .. e 78

28 . Jet flap turbine thermodynamic and base total-to-total

P . efficiency variation with stator and rotor jet
cavity pressure ratios at design speed and
expansion ratio . . . . . ... .. e e e e e 79
29 Variation in thermodynamic eff1c1ency (w1th pumpmg)
with stator and rotor cavity pressure ratlo at -
) design speed and expansion ratio . . . . . 80
30 Variation of base efficiency with stator and rotor cav1ty ‘
pressure ratios at design speed and expansmn
ratio . . . e e e e e 81
31 Comparlson of experlmental and design surface
velocity d1str1but10n at de51gn Jet off flow ,
conditions . . .. .. L. L0 L0 . . - 82
32 Comparison of experimental and design stator surface o
velocity distribution at design jet-on condltlons .o 83
33 .. Variation of stator mean section critical veloc1ty ratio
distribution with turbine expansmn ratio at deS1gn ‘
speed.......... e e e e e e e e 84
34 Variation of stator mean section cr1t1cal veloc1ty rat1o
' distribution with stator cavity’ pressure ratlo at
_ design speed and expansion ratio . . . . . . . . . . ; 85
35 Example of surface flow reattachment by use of Jet _
. flap ... . . . . . .0 0. e e e e e e e O - 1 ¢
36 Example of normal shock occurrence on suction _
surface of jetflapvane , . . ., . .. ... .. . 817
37 . Variation of stator inlet flow with both stator and rotor
cavity pressure ratios over a range of turbine
expansion ratios with turbine at design speed . . . . 88
38 - Variation in percent primary flow reduction with
percent stator jetflow . . ... .. ... ... .. . 89
39 Variation of stator jet flow with both stator and rotor
cavity pressure ratios over a range of turbine
expansion ratios . . . . . ... . e e e e e .. .. 90

vii




Figure

40
41
42
43
44

45

46
417
48
49
50

51

52

LIST OF ILLUSTRATIONS (cont)

Title

Variation of rotor jet flow with both stator and rotor

cavity pressure -ratios over a range of turbine
expansion ratios ., . . . .
Effect of rotor and stator cav1ty pressure ratio on
the variation of stator inlet flow with average
stator expansion ratio , . . . Ve e e .
Variation of static pressure through turbme w1th jet
cavity and turbine expansion ratio™”,", . . . .
Circumferential variation of stator ex1t static pres-

sure —1, 4 turbine expansion ratio . . ., . .. ...

Circumferential variation of stator.exit static preé-
. sure—~—2, 4 turbine expansion ratio . . ., . .
Variation of turbine efficiency with both stator and
rotor cavity pressure over’'a range of turbine

¢ o & .

expansionratios . . .. .. ... .. .. . e e

Overall performance variation at des1gn equivalent
speed with rotor cavity-to-inlet pressure ratio

-and stage expansion ratio for a 0.75 stator cavity

pressure ratio . . . . ¢ ¢ ¢ v 0 0 e 00 .
Overall performance variation at design equlvalent
speed with rotor cavity-to-inlet pressure ratio

" and stage expansion ratio for 1.0 stator cavity
pressure ratio . . ., .
Overall performance varlatlon at des1gn equivalent
speed with rotor cavity-to-inlet pressure ratio

e & o+ e

‘and, stage expansion ratio for a 1, 8 stator cavity

pressure ratio . . . .. . 000 s e e e s e s
Overall performance variation of modified jet-flap -

rotor blade turbine at design equivalent speed
with secondary-to-primary pressure ratio and
turbine expansion ratio (performance based on

thermodynamic efficiency) . . . . . . . ... ..

Phase II local stage total-to-total expansion ratio
contour map for the stator jet off and a rotor
cavity pressure ratioof 0.6 . . . . . . .

Phase II local stage total-to-total expansion ratlo
“contour map for the jet-on condition (stator
PTIS/PTO = 1,0, rotor PT[g/PT( = 0.6)

. Phase II effictency contours at rotor exit for stator

jet-off condition (mg = 0 and PTR/PT( = 0.6)

viii

Page

91

92
93
94

95’

96

97

98

99

100

101

102

103



Figure

" 53

54

55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73

LIST OF ILLUSTRATIONS (cont)

Title

Phase II efficiency contours at rotor exit for jet-on
condition (Ppg/PTq = 1.0 and Prig/Prq = 0.6)

Effect of rotor presence on equivalent primary flow
rate for various stator and rotor cavity pressure

ratlos......<. ......... .

Equivalent stator flow rate-for- Phase II. and HI for
various stator and rotor cavity pressure ratios , .
Jet momentum coefficient variation with stator

expansion ratio at near-hub section . . . ..., ...

Jet momentum coefficient variation with stator
- expansion ratio at mean section ; ., . . .v ...
Jet momentum coefficient variation with stator
expansion ratio at near-tip section . . . .. . ..
Specific lift at hub section . . . ..o v v v v v o0 L

Specific lift at mean section .. . . .. . . .. . . ...

Specific lift at tipsection . . . . . . ... .. .. ...
Mean section specific lift variation with jet.
momentum coefficient , . . . ... ... ...
Mean section lift coefficient variation with expansion
ratio . .. ... .. C e e e e e e e e e e
Mean section lift coefficient varlatlon with jet

momentum coefficient . . , ..., . .. 00 .8

Cone probe in recording position downstream of stator
VANES. o v v 6 o o + s 0 v e a s e e e ..
Schematic and cone probe measurements of Jet flap

vane trailing edge flow field . . .. ... . . .. ...

Comparison of exit wall tap pressure and survey-

pressure near walls ., . ., . . . e e e e e e e e

Typical midspan region survey of stator exit static
pressureratio . . .., ... ... ...
Typical midspan region survey of stator exit total

pressureratio . .. ... ... .. e o e o e e e

Typical midspan region survey of stator exit Mach

NUMDbETr . . . . . . . et e e e e e e s e e s e e

Typical midspan region survey of stator exit gas
angles . . . L .. e e e e e e e e e ey e s

Typical energy lpss coefficient trace . . . ..« i s « « .

Kinetic energy loss. coefficient at stator exit for stator
expansion ratio Rer.g,_; = 2.4 and PTIg/PT( =

1 0 . . . . L] L] . . . . . - L] L] L] . . . . '. L] . . . L]

Page

104

105
106
107
108
109
110
111
112
113
114
115
116
117
118
119
120
121,
122

123

124 .



Figure

74
75

76

77
78
79

80
81
82

83
84
85"
86
87

88

LIST OF ILLUSTRATIONS (cont)

Title-

Kinetic energy loss coefficient at stator exit for stator

expansion ratio ReT- SO 17 1.5 and PTig/ P1g. =
Kmetlc energy loss coeff1c1ent at stator ex1t for stator
expansion ratio ReT-g5_q * 2.0 and Pris/PTq =

Kmet1c energy loss coeff1c1ent at stator exit for stator

expansion ratio ReT. -Sg-1 ~ 2.0 and zero jet »flow AN

Stator exit pressure loss coeff1c1ent wyp , contour map
for jet on (PTIS/PT-O = 1, 0) and stator expansion

ReT-5¢g. D S e e e e e

Stator exit pressure loss coeff1c1ent wwyg , contour map
for jet on (PTIS/PTO = 1.8) and stator expansion

ratio ReT Soo ; 1.5 .. . ... Te o & & o w6 o a te
. Stator exit pressure loss. coefflclent wyg, contour map

- for jet-on (PTIS/PTO =1,0) and stator expansmn E

ratio Rep_ -S0-1 =2,0 v e e e e e e - e e e e e

Stator exit pressure loss coefficient, @y , contour map

for jet off and stator expansion Req.gq.7.72.0. . .

Variation of kinetic energy loss coefficient. with radius,

at several operating conditions ., . . . . .. e e e

Variation of total pressure loss, coefficient w1th radius

at several stator operating conditions , .-, . . . . .

Kinetic energy, pressure, and thermodynamic k1net1c
energy loss coefficients at mixed station for

AReT_SO_l = 2.0 and the jet-off condition. .i. .. .. .

Kinetic energy, pressure, and thermodynamic kinetic
energy loss coefficients at mixed station for: .
ReT S 1 =.2,0 and PTIS/PT =1.0. ., o .- . .

Kinetic energy, pressure, and thermodynamlc kinetic
energy. loss coefficients at mixed station for

‘ReT-Sp_; = 2.4 and Prg/PT(=1.0- v oon .o

Kinetic energy, pressure, and thermodynamlc kinetic
energy loss coefficients at mixed station for
Re -S -1 l5andPTls/PT0—18 e
Stator ex1t absolute -angle (from tangential) contour map
“for jet on (PTIS/PTO = 1, 0).and stator expansmn

ReT 1;2.4 [ S S . e 2 e v e e »

Stator ex1t absolute angle, a-. from tangentlal contour
_map for jet on (PTIS/PTO = 1,8) and stator ex -

pans1onReT -Sg-1 L N T

Page.

125

126

127
128
129
130
131
132
133
134
135
136
137
138

139



Figure

89
90
91

92
93
94
95
96
97

98

99

100

101

102

103

LIST OF ILLUSTRATIONS (cont)

Title

Stator exit absolute ‘angle,a; from tangential contour
map for jet on (PTIS/PTO = 1, 0) and stator
expansion Rep_gg_ ¢ 2.0 . . . . ..o 0oL

Stator exit absolute angle a, from tangential contour
map for jet-off condition and stator expansmn
ReTslzo..... et e e e e e e e

Radial variation of measured and de31gn stator exit .

" angle with jet off and with PTIS/PTO = 1,0 at
design expansionratio . . . . .. .. L. . L0 . b

Variation in suction surface shape factor w1th radius
for four survey operating points' ... . . . . .. .

Jet flap turbine flowpath schematic showing stator/rotor
axial spacing variations . { . ... e e e e e

Effect of stator/rotor ax1al spacing on stator inlet:

" equivalent. flow rate, ., . . .. ... e e e e e e e

Equivalent stator jet flow variation with stage expan-
sion for Phase Il andIV ., . . . ... ... ... ..

Equivalent torque varlatlon with. stage expans1on for
Phase II and IV e e e e e e e e e e e e

Absolute exit angle varlatlon with stage expansion for
Phase Il andIV'. . .. ... ... e e e e ..

Variation of rotor jet flow 'with both'stator and rotor

cavity pressure ratios over a range of turbine

expansion ratios N/ﬁcr 100% design . . . . ..

Effect of stator/rotor axial spacmg on turbine -
eff1c1ency.'........- ..... . ..

Phase 1V local stage expansion ratio contour map for
stator jet off and rotor cavity pressure ratio of
0.6 with spacing between stator and rotor 2. 4
in, (6.096 cm): e e e e e d e e e e e e e e ..

Phase IV local stage expans1on ratio contour map for
jet-on condition (PTIS/PTO = 1.0 and PTIR/PT
= 0, 6) with axial distance between stator and -
rotor = 2.41in. (6.096 cm) . . .0 4 v . oa . . e

Phase IV efficiency contours at rotor exit for stator
jet off and rotor cavity pressure ratio of 0.6 with"
spacing between stator and rotor = 2.4 in, (6,096
cm) ., . ..., C e e e e e e e .

Phase IV efficiency contours at the rotor exit for :
jet-on condition (PTg /PT-0 = 1.0 and PTIR/PT
= 0, 6) with axial clearance between stator and
rotor = 2,41in, (6.096cm) . ... ... . ...

i

xi

Page

140
141

142
143
144
145
146
a7

148

149.

150
151
152
153

154



Page Intentionally Left Blank



DESIGN AND EXPERIMENTAL RESULTS
FOR A TURBINE WITH JET FLAP STATOR AND JET FLAP ROTOR

by
James L. Bettner and Jerry O. Blessing

Detroit Diesel Allison, Division of General Motors

SUMMARY

A jet flap stator was designed and tested to demonstrate increased blade
loading and the capability to vary turbine flow rate aerodynamically, These
stator vanes were tested both as a full annular cascade and with a previously
tested jet flap rotor assembly. The effects of axial spacing between the
stator and the rotor were also investigated.

The stator vanes were tested (with the rotor assembly removed) over vari-
ous stator expansion ratios at stator cavity-to-inlet total pressure ratios of
0.75, 1.0 and 1,80 and also at the jet-off condition., As much as 33% primary
flow reduction was achieved with 10% jet flow at 0.6 ideal exit Mach number.
This flow reduction dropped to 22% as the exit ideal Mach number was in-
creased to 1.0,

Turbine performance was evaluated on the basis of thermodynamic (plus
pumping) efficiency. This thermodynamic expression of efficiency charges
the turbine for the ideal power of the primary stator jet flow and rotor jet
flow streams. It also gives the turbine credit for the pumping power re-
quired to pump the rotor jet flow from the turbine center line to the rotor
blade.

At the design speed and expansion ratio, the maximum turbine thermody-
namic (plus pumping) efficiency was 88,4%. This value was obtained with
optimum values of rotor and stator cavity pressure ratios of PTIR/PTO =
0.6 and P S/PT0 = 0.70. This measure of efficiency decreased to 85%
when PTig/ PT( was increased to 1.0. The maximum thermodynamic
(plus pumping) efficiency of 91.2% occurred at the low expansion ratio of
1.4 with PTIR/PT() = 0.8 and Pryg/Pp, = 0.70 - 0.75. There are several
other ways to define turbine efficiency. For example, efficiency may be
expressed as the ac'tual power (7 N) developed by the turbine divided by the
ideal power (rhpAHo_g) of only the primary flow stream. This definition
is called base efficiency. Another expression for efficiency is thermo-
dynamic efficiency which considers the same terms as the thermodynamic
(plus pumping) efficiency without the rotor jet flow pumping term, At



de31gn Speed and expansion ratio and with Jet cavity pressure ratlo values
of PTIS/PT = 0.70 and Prp/PT, = 0.6, the base and thermodynarnic
efficiency values were 87. 90 and §7 10%, respectively, for the jet flap
stator/jet flap rotor turbine, These values compare with plain stator/jet
flap rotor turbine base and thermodynam1c efficiency values of 89.1 and
88%, respectlvely, when that turbine was operating under the same con-

_ ditions. In general, operating the jet flap stator/rotor turbine with opti-
mum values of PTyg/PT( and Prig/ P, over a range of turbine expansion
ratios showed that the Jet flap stator tu lene was about one point less -
efficient than a plain stator turbine which used the same jet flap, rotor and
operated over the same range of expansmn ratlos The solidity of the jet
flap’ stator was 22% less than that of the p1a1n solid stator

Axial spacing between the stator and the rotor had little effect on the ‘
stage performance for the two positions tested.



INTRODUCTION

The NASA Lewis Research Center has sponsored a series of experimental
investigations of several advanced concepts designed to increase blade load-
ing while maintaining good turbine performance. One of these concepts —
the jet flap blade ——not only increased blade loading, but also demonstrated
the capability to vary the turbine flow rate aerodynarnlcally The jet flap
is a high veloc1ty jet 'which emanates from the airfoil trailing edge pressure
surface, The interaction of this jet with the mainstream flow deflects the
mamstream flow in the tangential direction, This deflectlon produces an _
acceleration on the suctlon surface and a deceleratlon on the pressure
surface in the aft region of ‘the airfoil. The accelerated flow on the suction
surface reduces the amount of diffusion and ehmma’ces or at least delays,
flow Separation, Flow rate control is accomphshed by the tangential de -
flection of the mainstream which reduces the effective vane throat dimen-
sion,

The design and experimental results for the series of jet flap rotor tur-
bines and impulse cascades are presented in References 1 through 5, % These
studies were aimed at determining the increase in blade loading capacity
by using the jet flap on a series of blade designs with a progressive de-
crease in blade solidity. As the solidity of an airfoil is reduced, the force
or loading on the airfoil increases. The increased loading generally re-
sults in increased diffusion or flow deceleration on the blading suction
surface, This increased diffusion is associated with flow separation from
the surface and results in increased losses. The results discussed in
References 1 through 5 showed that the jet flap did increase the loading
capability of blades at moderately low levels of solidity. However, at
very low levels of solidity, the jet flap could not prevent flow separation
and the result was a decrease in turbine performance.

Experimental studies with high reaction first-stage stator jet flap vanes
(References 6 and 7), not only supported the results presented in Refer-
ences 1 through 5 regarding blade loading capability, but also demon-
strated the potential of the jet flap stator to be used as an aerodynamic
flow control device.

In view of these results, a full annulus of high reaction, jet flap stators
was designed and tested. The experimental program consisted of tests on
both the jet.flap stator operated by itself and also in conjunction with the
jet flap rotor described in Reference 2. The turbine, discussed in

*Reference numbers correspond to the numbers given in the Reference
section of this report.



Reference 2, featured a conventional, lightly loaded, solid stator used with
the modified jet flap rotor., This rotor assembly is shown in Figure 1 prior
to installation. Documentation of the plain stator design and performance is
presented in References 8 and 9, respectively.- The turbine:.rig was modi-
fied to accept an annulus of jet flap stators whose solidity was about 22%
less than the stator described in Reference 8. Jet flow was supplied
through the vane tips and the original 30-in, (76 20-cm) OD t1p and 21-in,
(53 34-cm) ID hub flowpath was maintained.-

Experimentally, the objectives of the jet flap stator turbine program
were to demonstrate:

[ Aerodynamlc turbine flow control
® Performance comparable to the plain stator/modlfled Jet flap rotor
turbine described in Reference 2-

Design values of stator cavity-to-inlet total pressure and temperature
ratios were PTIS/PTO TTIS/TTO = 1,0, Witha rad1ally constant slot size of

0,030 in. (0.0762 cm), this corresponded to 2.375% jet flow.

The test program consisted of

Phase I—Turbine design point optlmlza‘uon test
Phase Il —Variable area test ‘ :
Phase III—Stator detailed performance test
Phase IV—Rotor/stator axial spacing test -

Rotor and stator cavity-to-inlet pressiire ratios rariged up to 1. 2 and 2,0,
respectively, while the turbine expansion ratio was varied from 1,4 to 2, 4.
All tests with the jet flap rotor were conducted at design equivalent speed.
Detailed radial-circumferential surveys of the flow fields just downstream
of the rotor were conducted at several operating points. Also, tip, mean,
. and hub vane section surface static pressure distributions.were obtained at
each operating point, Surveys of total and static pressure and gas angle
were also made downstream of the stator in Phase III tests with a cone
probe ' : :

All testing was conducted while operatmg the test rig with inlet condi-
tions of approximately 2.7 atm absolute pressure and 650°R (361°K) tem-
perature, :
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SYMBOLS

" Jet momentum coefficient, Cj = n'ﬂSUj/(rhp +.Ifls)V'1

Specific heat at constant pressure

- Jet velocity coefficient (Cy = 0, 97)

Axial chord in. (cm)

Kinetic energy loss coefficient

Blade force per unit length, lbs/in, (N/m)
Gramtatlonal constant, 32,174 lbyft/1bs/sec?
(1 kg- m/N. s2)

Jet slot size, in, (cm)

Compressible shape factor, H = §*/6 *
Incompressible shape factor

Specific work output, Btu/lb (J/kg)

Incidence, deg

Lift, blade force in tangential direction, 1lbg/in, (N/cm)
Mass flow rate, lb/sec (kg/s) .

‘Mach number
" Rotational speed, rpm (rad/s)

Pressure, lb/in,2 (N/m?2)

Radial location, in. (cm)

Gas constant, ft-lbf/lbp-°R (m. N/kg- °K)
Leading edge radius, in, (cm)

Trailing edge radius, in, (cm)

Stator expansion ratio (P /Pst )

Total-to-static stator expansmn ratio (Pp,/Pgt, )
Total~to- total stage expansion ratio (PTO/%TB)
Blade spacing, in, (cm)

‘Temperature, °R (°K)

Blade tangential velocity, ft/sec (m/s)

Jet velocity, ft/sec (m/s)

Tip speed, ft/sec (m/s)

Absolute gas velocity, ft/sec (m/s)

Relative gas'velocity, ft/sec (m/s)

Axial coordinate, in. (cm)

Tangential coordinate, -in. (cm)

Absolute gas angle measured from tangential, deg
Jet flow angle, deg

Ratio of turbine inlet air total pressure to standard sea
sea level conditions ’

. (Y+ 1 YIY - 1)
5
y(y* + 1) YEIY* - 1)

Displacement thickness, in, (cm)
Momentum thickness, in, (cm)

Function of Y defined as
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Subscripts

cr
ma
m1l
IR
IS

€q

Adiabatic efficiency defined as the ratio of turbine
work based on torque, primary weight flow, and speed
measurements to the ideal work based on inlet total
temperature and on inlet and outlet total pressure
Adiabatic efficiency defined as the ratio of turbine
work based on measured inlet and exit total tempera-
ture to ideal work based on measured inlet total tem-
perature and pressure and on measured exit total
pressure ' '
Thermodynamic efficiency defined as the ratio of actual
turbine power to the sum of the ideal powers of the
primary flow, stator flow, and rotor flow
Thermodynamic efficiency with pumping power defined
as the ratio of the sum of turbine power plus the rotor
pumping power to the sum of the ideal powers of the
primary flow, stator flow, and rotor flow
Circumferential position, deg

Squared ratio of critical velocity at turbine inlet tem-
perature to critical velocity at standard sea level
temperature

Density, 1b/ft3 (kg/m3)

Blade axial chord solidity defined as CX/Sp

Jet efflux angle relative to pressure surface, deg; or torque
lbg-ft (N.- m) '

Compressible tangential lift coefficient

Total pressure loss coefficient

Stator exit gas angle (measured from tangential), deg

Station at stator inlet

Station at free-stream conditions between stator and
rotor

Station at outlet of rotor immediately downstream of
trailing edge ‘

Station downstream of turbine

Condition at Mach number of unity

Mass averaged

Hypothetical mixed station

Jet flow inlet station (rotor cavity)

Jet flow inlet station (stator cavity)

Jet flow

Local

Base on standard inlet conditions



Prirhary flow

s % :‘;-g?a[m';ﬂﬁf

Rotor jet
Stator jet
Static
~Total ,
Theoretical or idea:
'Tangential direction
Axial direction '
v, o Based on stator exit wall taps
wo/j L ~ Without stator jet
w/j - With stator jet
Superscripts

" Ideal or isentropic



VANE AERODYNAMIC DESIGN
VELOCITY DIAGRAM STUDY B ‘ : ’ IR R

The velocity diagram and vane profile design procedure for the jet
flap stator involved an iterative solution for five aerodynamic and
geometric parameters. - These parameters are: '

@ Vane loss characteristics (profile and secondary)

® Inlet mass flow reduction capability ‘

® Jet slot size s ;

@ Vane camber A ' . » {
® Vane solidity & : o S ‘

The design objective was to define a low solidity jet-flap stator vane
which produced, when the jet was activated, the same aerodynamic flow
field into the rotor as produced by the higher-solidity, plain stator dis-
cussed in Reference 2. The overall design requirements were: " -

T

Equivalent flow in rotor, rhpﬂcroeo‘/so - 47.7 lb/sec (21,636 kg/s)

Equivalent work, AH/GCI.O 20.0 Btu/lb (46,519 J/kg)

Equivalent speéed, N/\[E crg . 4660 rpm (487,99 rad/s)

Equivalent tip speed, Uyl 610 ft/sec (185.928 m/s)
tdp- cro

The experimental performance results of the jet flap stator turbine are
compared with the performance of the plain stator turbine described-in
Reference 2. ‘ a '

‘The iterative solution was accomplished by developing a design computer
program based on the jet flap throat sizing procedures described in the
appendix of Reference 4. This program incorporates experimental results
from previous jet flap blade and vane tests and analytical-performance pre =
dictions., Inlet mass flow reduction data and vane profile loss (modified for
different blockage levels) were reported in Reference 6 and included in the
computer program. Secondary end wall loss characteristics of the plain
stator operating in a similar environment as the current jet flap stator were
determined in Reference 9. These losses were added:to the jet flap stator
profile loss in the vane end regions to produce the complete stator exit loss
profile. Figures 4, 30, and 31 of Reference 4 déscribe the jet slot flow data
as functions of slot size and pressure ratio across the'jet for both-bench and
rotating blade tests that were incorporated in the jet flap stator design com-
puter program, Information regarding the performance of the jet flap as a
function of vane camber was also included in-the program from Reference 6.



"The output of the program defined (1) the jet flap stator throat dimen-
sions which were sized for the jet-off condition and (2) the velocity diagrams
(both at the stator throat and downstream of the trailing edge for the jet-on
and jet-off conditions).

A matrix study of the effects of stator cavity pressure, jet slot size,
and number of stators on turbine performance was conducted with the
design program. The number of vanes was selected to be 40—the same
number as the plain stator discussed in Reference 2, This was done so
" as not to introduce any new dynamic pressure effects on the rotor which
would be caused by a different number of vane wakes and possibly distort
the performance comparison between the jet flap stator turbine and the
plain stator turbine discussed in Reference 2. Both of these turbines used
the modified jet flap rotor. The matrix study showed that a stator jet slot
size, hb, of 0.030 in. (0.0762 cm) and cavity pressure ratio, Py /PTO,
of unity along with 40 vanes would set up the desired velocity dlagrams
This combination of design variables required a small amount of jet flow
rate, ﬁ;s/ﬁlp = 2,375%, and kept the trailing edge thickness dimension to
a reasonably small value while requiring a vane cavity pressure level that
would be typical of a cooled gas producer turbine engine.

The selected aerodynamic and geometric design point conditions are
given in Table I,

Tip, mean, and hub section negative hub reaction velocity diagrams
with and without the jet turned on are presented in Figures 2 and 3, respec-
tively. The stator exit flow is transonic at the mean section, subsonic at
the tip, and supersonic at the hub section. The gas exits from the turbine
in a near-axial direction, The diagrams reflect the reduction in stator inlet
flow rate as the jet is turned on, :

SOLIDITY CONSIDERATIONS AND AIRFOIL DESIGN

The objective of this research program was to determine the perfor-
mance level and inlet mass flow control capability of a jet flap stator whose
solidity was less than that of a conventionally designed plain stator., Defi-
nition of the solidity level was made by:

® Initially assuming-a radially constant 25% reduction in solidity from
the plain stator solidity discussed in Reference 2

o Performlng a vane design satisfying the velocity diagrams of Flgures
2 and 3 to determine if flow separation from the vane surfaces could
be prevented when the jet flap was activated (Whenever flow separation
could not be prevented, the solidity was increased and a new vane '
design completed.)
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Vane section profile shapes were dete rmined by 1terat1ng w1th the _
section geometry without jet flow until satisfactory surface velocity d1str1-‘
butions were obtained. The surface velocities were computed by the two-.
dimensional compressible -flow methods described in Reference 10, The
airfoil geometry was varied to keep the velocity levels on the pressure '
surface as low as possible and high loading levels as far back on the vane
as possible.

The effect of free -stream static pressure distribution on the behavior
of the suction surface boundary layer was *nvestlgated by using the methods
of McNally (Reference 11). Flow separation was assumed to occur when ‘
the incompressible shape factor, H; attained a value between 1.8 and 27 2,
The section profiles and solidity levels were iterated upon until acceptable
surface velocity distributions around. the airfoils were obtained and the flow
was on the verge of separating from the suction surface when the jet was
turned off. When the jet was turned on the inlet flow was reduced, flow
separation was prevented, and the design stator exit velocity diagrams
would be achieved. :

The jet-on flow field calculation was accomplished by considering the
jet stream to behave as a solid flow boundary. The general shape of the
jet was determined by satisfying the condition that the change in momentum
across the blade row in the tangential direction as computed by the velocity
- diagrams of Figure 2 was equal to the lift of the airfoil as computed by the
sum of the static pressure force on the blade and the change in momentum
of the jet in the tangential direction. This may be expressed in equation
form as: ' ' o

Cx

L=-r'anuO+v(1’np+r'ns)Wu1‘=‘/ APgp dy e
: 0

2 Lo
+ CV pstjUj hb cos @y

Thus, , - : . S
Cy | |
, . _ S L2 = ( S ,
f APStu dX = (PSthWu)l —-é-m— "CVP StJUJ hb cos aj . ‘ (2)
0 ! '



The two terms on the right-hand side of the equation were computed for
the tip, mean, and hub sections. The jet stream was assumed to be ap-
prox1mately parabollc in shapé emanatlng at the jet flap slot.” The down-
strearn direction of the jet stream was set equal-to the design jet-on stator: -
exit angle . The ‘approximate parabohc jet shape was maintained; “but the -~
exact pos1t10n ‘of the jet streamline relative to the airfoils was iterated -
upon until the integral of the static pressure dlstrlbutlon around the alrfoll
was Satisfied. This requlrement fixed the Jet shape and;" hence, the surface
velocity around the vane w1th the jet on. A B

) “Thé aforernentloned sohdlty :surface vélocity distribution iteration're-
sulted in the t1p, ‘mean, ‘and hub jet-on/jet-off velocity dlstrlbutlons shown .-
in Flgures '4’'and’' 5. F1gure 6 illustrates the corresponding vane ‘sections,
Vane ‘sedtion cartesian’ coordinates are presented in Table 11 - This design
satisfied all of the 1mposed constramts and resulted in a solidity reductlon g
of about 22% from the plam stdtor design. "~ ‘The vane was ‘on the -verge ‘of *
1mm1nent flow separatlon at the t1p sectlon This condition was ‘alléViated'-"
when the Jet Was turned on. S '

L
The vane design of Figure 6 resulted in about a 25% increase-in'the.
value of ‘Pt, the tangential lift coeff1c1ent for the Jet flap stator over the
plain stator "bt 1s defmed as: : - : -

i

L

TS, Pst Vx AVu e . . . S o
‘I,t =20 1 1 1 PO - . . ., . (3) :
- Cx | PTg - Psty ' I Lo

[

and i is a compress1ble form of Zwelfel's (Reference 12) actual to-1deal
loading coefficient. Table III lists geometric and aerodynamic des1gn in- '
formation for the jet flap and plam stator de51gns Figure 7 compares the
suction and pressure surfaces of the plam ‘and jet flap vanes. The s1m11ar1ty
in velocity diagrams and increase in- loadlng (1lift coefficient) for the two
stator designs is evident in Table III.

JET SLOT DESIGN

The jet slot was designed to efflux normal— 7= 90 deg to the pressure
surface at the mean section. Because of slight airfoil twist in the radial = '
direction 7 varied from 93 deg at the hub section to 87 deg at the tip section,
The 'slot was positioned 0. 055 in, (0.1397- cm) from the trailing edge surface
and formed by the Elox cuttlng process t6 produce a radially ¢onstarit 0. 030-
in. (0.0762-cm) width jet slot., The radially constant slot width was dictated
by (1) manufacturing cost considerations and (2) lack of reliable experimental
data for radially variable jet slot performance. These jet slot details are
shown in Figure 6.
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VANE CAVITY DESIGN

The stator vane cavity was determined by requiring a wall thickness of
0.050 in, (0. 1270 cm) over most of the airfoil. This thickness tapered to
about 0.030 in. (0. 0762 cm) in the very aft trailing edge reglon. These wali
dimensions are shown in Figure 6. ' '

The jet flap blade cavity design discussed in Reference 2 did not incor -
porate any means to assist the jet flow in turning from radial to axial direc-
tions as it entered and left the blade. Experimental results of that program
demonstrated-an unsatisfactory distribution of jet flow along the radial span
of the jet slot. The jet flow could not negotiate the abrupt radial-to-axial

"turn where it entered the blade; this condition resulted in a deficiency of
jet flow in the hub region. To overcome this difficulty in the jet flap stator,
a series of turning vanes was incorporated in the blade cavity. These vanes
are shown in Figure 8. They not only turned the Jet flow but also provided
stiffening to the airfoil structure.

The stator wéis supplied with jet flow through the tip section, At
design turbine expansion ratio, the Mach number at the tip section was
estimated to be 0. 116 for a cavity pressure ratio of 1.0, and 0. 130 for a
cavity pressure of 2.0.

12



MECHANICAL DESIGN
TEST RIG

The test vehicle used for this program was a modification of the rig
described in Reference 8. The modification consisted of:

. @ New splitline located upstream of the stators .
® Primary plenum chamber located over the vane tip section -
@ Secondary plehum chamber in the form of a torus which fed the pr1-
mary plenum chamber :
@ Suitable hub and t1p wall spacing rings which permitted a 1-in. axial
variation in axial spacing between the rotor and stator
® Complete jet flap stator assembly

The use of the two plenum chambers ensured the delivery of a cir-
cumferentially uniform, low Mach number jet flow to the stators. Seven
flexible lines were distributed around the periphery of the secondary -
plenum torus to supply that plenum with facility jet flow air. Another
set of 20 lines (which were equally spaced around the torus) delivered jet -
flow air to the vane tip section primary plenum chamber. This arrange-
ment is shown in Figures 9 and 10. The highest jet flow Mach number at
turbine design flow conditions was estimated to occur at the vane tip section
cavity; its value was 0. 116,

Concentric hub and tip wall spacer rings were fabricated to permit
axial variation of the stator-rotor spacing. The hub ring OD was 21 in,
(53.34 cm), and the ID of the tip ring was 30 in. (76.20 cm). Both of
these rings were 1 1in, (2,54 cm) in axial length, Where the spacing be -
tween stator and rotor was a minimum value, the rings were placed up-
stream of the stator assembly. This is the configuration shown in Figure
9. The spacing was increased 1 in, (2,54 cm) between the stator and rotor
by removing (in the following order) the rotor, stator assembly, and
spacing rings; the stator and rotor were then reinstalled in the turbine
with the spacing rings between the stator and rotor."’

The stator assembly consisted of hollow, investment cast Inco 718
material stator vanes spot welded in inner and outer bands. Airfoil
profile contours were Elox machined in the hub and tip bands, and the
vanes were spot welded in place. The vane ends were then sealed in the
bands with epoxy. The seal was formed:on the side of the hub and tip bands
that was not in the flow path, Figure 11 shows the complete stator assem-
bly viewed from the tip section, A view of the stator vane annulus positioned
in the front half of the primary plenum chamber (looking forward), is
illustrated in Figure 10. The openings for the 20 jet flow supply lines are

13



evident. The three rectangular surfaces with:-21 tube fittings are used for
securing the tip, mean, and hub section vane surface static pressure tube
lines where they protrude from the test rlg ‘ : i :

DYNAMIC ANALYSIS

The désign of the hollow jet flap stator blades incorporated internal
secondary air guide vanes, These features are-shown in Figure 8. The
stators were fixed at'both ends to provide increasedload-carrying ability,
increased stiffness, and very high natural frequencies. Additional stiffen-
ing of the airfoil was accomplished by the intérnal jet flow ‘guide vanes. The
higher natural frequencies are desirable to avoid coincidence of the lower
modes with inherent low’ frequency ‘excitation wh1ch mlght be generated by
rotor unbalance forces S -

The fundarmental bending mode frequency was estimated from previous' -
jet flap blade vibration bench test data, The first bending mode frequency
was indicated to be 3900 Hz, which is far above the rotor- -generated excita-
tion frequency yet well below the blade passage exc1tat10n frequency through-
ot 15t)<(d range of 70- 110 N/J— ' ~ ~
STRIESS ANALYSIS '

The design of the primary plenum required a 0.500-in. (1, 27-cm) wall
thickness, 40 clamp bolts, and 20 equally spaced gussets on each side.

This desng'] resulted in a calculated stress of 16,300 psi (112, 385 X 106

N/ m2y 1n the plenum chamber wall. The material used-in the plenum was
forved t\ L)(—’ ‘AISI-410 steel with an ultimate strength of 130 000 psi (896 318
% 106 \/m2) at 250°F (121 11°C)." :

A stress analyms was performed on the airfoil with the results 1nd1—
cating lov oper ational stresses. - The ballooning stresses were calculated —
using a conser ‘vative assumption of 50 psi (0. 3447 X 106 N/m2) internal pres-
sure and a zero‘ external pressure —and were found to be acceptable,

Table IV shows the forces that the gas-exerts on the vane when the tur-
bine was operating at the design point. These data were used to analyze the
airfoil in four sections with the maximum bending stress of 4860 psi
(33.508 X'10% N/m2) occurring'in the séction nearest the hub., Deflections
in the airfoil ranged from 0,005 in.: (O 0127 cm) near the hub to 0. 002 '

(0. 0051 cm) near the tlp o _ B :

The bending stresses in the airfoil about the axis of minimum moment
of inertia were 8429 psi (58.116 X 106 N/m2), For the bending stress about
the maximum moment of inertia axis, 6464 psi (44,567 X 106 N/m ) was
calculated,
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. APPARATUS AND INSTRUMENTATION
The test appar-atus included a single-stage cold air turbine fest rig,
suitable housing to provide uniform inlet flow conditions, and a dynamometer
to absorb and measure turbine output,

Air was-supplied at.approximately 2.7 atm (273.6 kN/m?2) pressure
and a temperature of approximately 650°R (361°K). The inlet pressure _
was controlled by the separate air compressor supply and/or by a throttle
valve in the inlet supply line, Turbine expansion ratio was contirolled by
a throttle valve in the exhaust system duct.

The turbine test rig instrumentation is also described in Reference 8,
Airflow was measured using a Bailey adjustable orifice which is calibrated
with an ASME flow nozzle. Turbine power output was absorbed by two -
Dynamatic dry gap eddy. current brakes, The torque of each dynamometer
is measured separately by a 'dual output strain gage load cell connected in
tension to the dynamometer torque arm.

Measurements of total temperature and total pressure were made at
stations 0 and 3, These measuring stations are described in Figure 12,
Turbine inlet temperature (station 0) was measured with 20 iron-constantan
thermocouples arranged five to a rake. The sensing elements were located
on centers of equal annular areas, and the rakes were spaced 90 deg apart,
Four Kiel-type total pressure probes, also located at the inlet, were used
to establish the desired inlet total pressure. The turbine exit measuring
station (station 3) was located 4. 75 in, (12,065 cm) downstream from the
rotor.and was instrumented with five combination total pressure, total tem-
perature, self-aligning flow angle probes. The sensing elements of the five
combination probes were located at the center of five equal annular areas.

Static pressures were measured with four taps on both the inner and
outer walls located around the annulus at stations 0, 2, and 3. The stator
outlet static:pressure (station 1), located 0.5 in. (1,27 cm) downstream

from the stator trailing edge, consisted of six taps located on the hub
and tip casing walls, verniered across one vane spacing.

4 Rotor exit surveys were performed approximately 0, 125 in. (0,318 cm)
axially downstream of the rotor blade trailing edge (station 2). Total pres-
sure, total temperature, and flow angle were measured at seven radii from
hub to tip for a circumferential arc of 22 deg (0. 38 rad). The measurements
were taken concurrently with a single combination probe,
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A stator exit survey was performed axially 0.5 in. (1.27 cm) behind the
trailing edge of the stator vane. The survey was performed with a 15-deg
half-angle cone probe which recorded total pressure, static pressure, and gas '
angle while the probe traversed circumferentially approximately 22 deg at 12
radial positions. A cone probe was chosen for this survey based on the ex-
perience of using a cone probe in both two- and three-dimensional high sub-
sonic, transonic, and supersonic flow fields, Also, this type of probe is
simple, rugged, and presents a minimal disturbance-to the flow field, A
photograph of the probe is shown in Figure 13. Details of the probe design
are shown in Figure 14, The probe was set at the mean section flow gas angle,
Incidence of flow on the probe was measured relative to this fixed angle., To
obtain data near the outer wall, the foot of the probe was tilted down at an angle
of 94. 56 deg so that the probe tip element could approach within 0, 107 in.

(0. 272 cm) of either the hub or tip wall before the probe body contacted the
walls,

The stator vanes were instrumented with static pressure taps located
at the hub, mean, and tip sections. To remain clear of hub and casing end-
wall boundary layer growth effects on static pressure measurements, the
hub and tip taps were located 0.5 in, (1.27 cm) from the end walls, Figure
15 shows the hub section pressure surface static taps after instrumentation.
Eight taps on the pressure surface and 12 taps on the suction surface were
used at each of the three radial positions. All pressure taps had a 0.020-in,
(0.0508-cm) ID opening except for those located in the aft trailing edge region.
The trailing edge region taps were formed from 0. 020-in, (0,0508-cm) OD,
0.010-in. (0.0254-cm) ID tubing that was buried in the suction and pressure
surface walls, Burying the tubing within the walls avoided blocking the jet
flow near the slot. Figure 16 shows the axial position of the surface static
taps. All other pressure tap tubing was routed to the front of the vane in-
ternal cavity to avoid blockage of the jet slot in the instrumented vanes. .
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CALCULATION PROCEDURE

OVERALL TURBINE PERFORMANCE
"~ ‘Turbine performance was rated on-the basis of ‘the ratio of inlet total
pressure to rotor exit total pressure, Inlet total pressure at station 0 was
calculated from continuity by using the average of the 20 measured total
temperatures, the average of the hub and tip static pressures, the mass
flow rate, and the inlet annulus area, The flow was assumed to be axial,.
Exit total pressure at station 3 was alsc calculated from continuity using
the mass flow rate, the annulus area, the average of the hub and tip static
pressures, the average flow -angle, and the total temperature. The total

temperature was calculated from the enthalphy drop which, in turn, was
based on the measured airflow, torque, and speed. - :

Three efficiencies were defined: base efficiency, thermodynamic
efficiency, and thermodynamic plus pumping power efficiency. The base
efficiency was calculated asa ratio of the actual power determined from
torque and rotor speed measurements to the ideal power determined from
the primary mass flow rate, inlet total temperature, and associated cal-.
culated expansion ratio, i.e., S :

— TN . . o

"Toase T T (4)
p +0-3

The thermodynamic éfficiency charged the turbine for the available power
of the jet flow in both the rotor and the stator, i.e.,

TN

Tthermo r.npAH'PO‘—S + g AH'S .

+ 3 !

l3 TMRAH R, 5
The thermodynamic plus pumping power efficiency charged the turbine

for the power of the jet streams but it gave the turbine credit for the power

required to pump the rotor jet flow from the turbine centerline to the rotor

jet flap blade: :

TN + R U?n

11 =
Tthermo + pump rhpAH'Po_g + mgAH'g 1-3 + thAH‘R1 3

(6)

17



ROTOR EXIT SURVEY

The performance of the turbine determined by a rotor exit survey at the
design point condition was based on measured expansion ratio, inlet tem-
perature, and exit temperature. The measured expansion ratio was based
on the average total pressure indicated by the four inlet Kiel probes and the
exit total pressure measured by the survey probe. The inlet total tempera-
ture was the average temperature of the 20 inlet thermocouples; the exit
total temperature was measured by the thermocouple on the survey probe.
These thermocouples were corrected for Mach number based on a linear
variation of hub and tip static pressure and the measured total pressure.
The isentropic work of the turbine was -based on the measured inlet tem- .
perature and measured total pressure ratio, The actual work was the
difference of the enthalpies associated with the measured inlet and exit
temperatures. The efficiency at each station in the s'urvey was the ratio
of the actual work to the isentropic work, i.e.,

T - T
T, - TT,
My = 71 (7)
PTy N7y
Tty |' |7 .
' T
0

5TATOR EXIT SURVEY

Surveys of total pressure, static pressure, and gas angle were made
0.5 in, (1,270 cm) downstream from the stator trailing edge at 12 radial
depihs with a 15 deg half-angle cone probe, The sSurveys encompassed
two vune passages, Vane loss coefficient and boundary layer parameter
caloulutions were made to evaluate the detailed stator performance as a
futiction of stator expansion ratio, ReTS’ and jet cavity pressure ratio,

i ‘-TS/ I)']‘O.

I.oss Coefficients

[.ocal Values

Kinetic energy loss coefficient:
— - \712 (r: 0)

—_— (8)
\?1%}‘1 (r, 6)
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7 -. \\'hAe_rc; Vth = fA(PrE;), Pstl and :

IR Ty

: ’I‘otal pr essure ioss coeff1c1ent: '

@ = o (9
PTO - Pst.l (F,O) o .
Ci’rcﬁmfer‘entiéllj}ﬂntegréte‘d Kinetic "Ener"'gx Loss Coefficient -
Stator exit actual and ideal energy loss coefficient: -
1/2 b2 NN T2
f [Pty (x,0)v (v, B)sin dyx, 0)] vitr,6)rdd
T i) b1 - — (10)
8o S 0 R :
1/'2f E’stﬁr:ﬁ)h(n g)sin 6)(r, a)] Vi (r, Ordé
Stator exit mixed station kinetic energy loss coefficient (simul-
taneous solution of the following equations of motion):
I, Conservation of axial momentum (between stations 1 l
and ml): : '
| 92 R e
g f 5 (r, 0>rd0+f Pt (r,ﬂ)V%(r,ﬂ),sinqu (r,g)rdf =
: 0, 1 ‘ : 1 .
“ ‘ (11)
. ' ;2
[Psto(Pge =sin®$ (Fhpgy (1 (0)] x(83 -8y
2. Conservation of tangential momentum, (1-+ml):
9y
]; Vi(r, ficos ¢ (r, f)sind(r, 0 )Pstl(r, f)rd 6=
1
(12)

sin ¢m1(r)cos ¢m1(r)pstm1(r)’\/r2nl(r)r(02 -6)
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Momentufn ThickneSs , 0*(r)

f Vth1(r 9) atthl(r 6) sm¢ 1T, 0) dy ‘ . A _(21)

f . Vilr, ) [Vthl(r'e)Pst (r,8)sin ¢(r, §)
8 -
S V(r, ) pgy, (T, o>sm¢1<r o)] rd.f

Solve for 0 (r‘) --;ﬂ_;,if. ST

Bouridary.Layer, Sbape,,Eac‘thf,. H(r) -~ . <~
| ’ NS AP yo. o V.U."’,. g N
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EXPERIMENTAL RESULTS

PHASE I—TURBINE DESIGN POINT OPTIMIZATION TEST

The Phase I turbine test involved operating the jet flap stator with the
modified jet flap rotor discussed in Reference 2. Testing was conducted
over a wide range of stator and rotor cavity pressure ratios while the
- design stage expansion ratio and design equivalent speed were maintained.

Reaction

~Figure 17 demonstrates how the stator total to-static ‘expansion ratio,

PT /Pstl, and the overall turbine total-to-static expansion ratio, PTO/

st3: varied with both rotor and stator cav1ty total-to-inlet total pressure
ratios. However, except for very low values of.stator. P [P, the "
turbine overall P /Pst3 maintained a nearly constant value,- Qlth zero
stator flow (PT I(—)’T equals approximately 0. 62), increasing :the rotor
jet produced a sight increase in exit whirl, and Mach number with the
corresponding drop in turbine exit static pressure. Increased stator Jet
cavity pressure produced a reduction in flow through the turbine which -
(when coupled with increased rotor cavity pressure) tended to produce a
constant value of turbine static pressure and, hence, a nearly constant
turbine total-to-static expansion ratio. Figure 17 also illustrates the
effect of rotor and stator cavity pressure on stator expansion ratio (or
stator reaction) at turbine design overall expansion ratio, As the rotor
jet cavity pressure is increased the rotor becomes more reactive (i.e.,
there is a greater static pressure decrease across the rotor). The
-stator, therefore, becomes less reactive in order for the turbine total-
to-static pressure ratio to.remain nearly constant across the entire turbine,
As a result of the constant turbine total-to-static pressure ratio, the stator
expansion ratio decreased as the rotor jet cavity pressure ratio increased.
The design stator expansion ratio, P /Pst =1, 976, was nearly obtained
(2,02) at a rotor cavity pressure ratio of about 0.6. As the stator cavity
pressure was increased there was a slight increase in stator expansion
ratio except with zero jet flow in the rotor which showed a more pronounced
increase. The stator exit static pressure was determined by averaging
the 12 stator exit hub and tip static pressure readings.

Flow Rate
Equivalent primary flow as a function of stator cavity pressure ratio
is shown in Figure 18. The equivalent design primary flow for the stator

jet off is 49.85 1by,/sec (22,611 kg/s) compared with a maximum mea-
sured value of about 49. 45 lb,,/sec (22,43 kg/s). The design value of
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primary flow for a stator cavity pressure ratio of,1.0 was 46,59 lby,/sec
(21. 133 kg/s) and was obtained experimentally when Py /PTO 0.6. This
des1gn value is to be expected because, as shown on. F1gure 17, PTIR/PTO "
= 0. 6 set up the correct reaction level at the stator exit, These data show
that an increase in stator and/or rotor cavity pressure ratio resulted in a .
decrease in primary flow. Figure 19 presents the percent of primary flow
reduction obtained while maintaining a 2,03 stage expansion ratio, As- V
much as 18% primary flow reduction was.observed at Pr S/PTO 2.0
and PTI /PTO 1.2, The design value of flow reduct1on was 6.4% when '
Pry /PT = 1.0, Us1ng a typical measured. value of jet-off flow, 49 Ib/sec
(22 226 kg/s) . an experimental value of 5.4% was obta1ned when PTIR/PT()
= 0.6 and Prq /PTO'_ 1.0.. Thus, a value of. PT s/ Pt ‘slightly greater
than 1,0 was necessary.to produce the, 6. 4%. flow reduc ion when consider-
ing Py /PT = 0.6 and referencing the jet- off flow to the typlcal mea-
sured value (%49 lb/sec (22..226. kg/s) Co :

The flow entermg the. rotor corrected to rotor 1nlet cond1t1ons (assum-'
ing a constant 2% stator total pressure loss) is. shown in Flgure 20 for
various stator cavity pressure .ratios.: Upto a 12% net flow reductlon'was
observed .while maintaining.a 2..03 stage expans1on ‘ratio. F1gure 21 dis-
plays equ1valent total flow as a function of stator cav1ty pressure ratio for
lines of rotor cavity pressure ratio. As in Figure 18 for a given rotor
cavity pressure ratio, an increase in stator cavity pressure resulted in
decreasing the total flow. However, increases in rotor cavity pressure
resulted in actually increasing the total flow because, the rotor jet flow.
increase was greater than the pr1mary flow. reductlon

F1gure 22 shows the effect of- stator and rotor cav1ty pressure on .
equivalent stator jet flow. As would be expected increasing the stator :
supply pressure resulted in an increase in stator jet flow. For the lower oo
stator cavity pressure ratios, an increase in the rotor cavity pressure
resulted in a higher stator exit static.pressure and,.therefore, a reduction
in stator jet flow. As the. stator cav1ty pressure was. increased, this rotor
cavity pressure effect was less pronounced... Figure 23 shows the’ ratio of
stator jet flow to. primary flow for various stator cavity. pressure ratios. .
At design PTIS/PTO 1.0, an experimental value of mS/mp =.2% was ob-
tained whereas the design value was 2, 375%. The amount of stator jet flow
was computed by assuming the jet expanded from the cavity total pressure
to downstream static pressure. In reality, the jet expanded to the pressure- -
surface static pressure that existed at the jet slot exit. . Because of the
presence of the jet which stagnated the pr1mary flow in the ne1ghborhood
of the slot, the jet. slot exit. static pressure was. larger than downstream . . . -
static pressure Thus there was probably less than design expansion
ratio across the jet. slot and, hence, less than design jet flow rate was
observed experlmentally
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_Figure 24 shows how equivalent rotor jet flow increases with an in-
crease in rotor cavity pressure ratio. The stator cavity pressure ratio up
to 1.2 had httle effect on the rotor ]et flow for a constant 2,03 stage ex-
pansion ratlo : ‘

Gas Angle

Figure 25 demonstrates that the rotor cavity pressure ratio had a strong
effect on rotor ‘exit absolute gas angle These angle data represent the
average reading of the five yaw probes located in measurement plane 3 of
Figure 12. These data show that an in¢crease ih rotor cavity pressure ratio.
tends to increase the rotor turmng and thus increases negative exit whirl.
The effect produced by an‘increase in- stator cavity pressure is to lower the"
rotor inlet flow which then’lowers the relative rotor exit velocity. Because -
the wheel speed remained constant, this‘caused an increase in positive whirl
and resulted in a decrease in absolute exit gas angle. Using PTIR/PTO
0.6 to 'set up the- correct reactlon level across the stator, an exit absolute
gas angle of 92,2 deg was obtamed experlmentally at the jet-on design point.
This corresponds to a des1gn valué of 91.74'deg. For the jet-off design
condition, an angle of 94, 3 deg was determmed exper1mentally whlle the
design value was 91, 67 deg '

Equivalent Torque and Work™ -

Figure 26 shows the variation of equivalent torque ‘with stator and rotor
cavity pressure ratio at the design stage expansion ratio. As the stator
cavity pressure is increased, the flow across the rotor blade decreases
and results in a drop in equivalent torque. *Increasing the rotor cavity
pressure produces more turmng in the rotor blade wh1ch 1ncreases the
equivalent torque,- -

Equivalent specific work versus stator cavity pressure ratio is pre-
sented in Figure 27, Equivalent work is based on primary flow only. These
data show that increasing the stator cavity pressure ratio first causes a
decrease and than an increase in-specific work, This indicates that, in
general, the rate of decrease of torque is less than that of the primary flow.

Efficiency

The effect of rotor cavity pressure ratio on turbine efficiéncy is pre-
sented in Figure 28, Also shown in Figure 28 are both base and thermo-
dynamic expressions’ of efficiency., A maximum thermodynamic efficiency
of 87.1% was achieved at a rotor cavity pressure ratio of 0,60 and a stator
cavity pressure ratio of 0.70. - The maximum thermodynamic efficiency
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was 88% for the modified jet flap rotor blade (Reference 2) operated with a
plain stator. However, associated with this drop of 0.9 point in thermo-
dynamic efficiency were increases in the thickness of the vane, a 22%
reduction in solidity, and an increase in trailing edge blockage from 0, 0237
to 0,110, ' The thermodynamic efficiency of the jet flap stator turbine (with .
both the stator and rotor jet flow off) was 84, 6%, Which, compares with

85. 3% for the solid stator turbine with no jet flow to its jet flap rotor. As
the stator cavity pressure ratio was increased above 0.70, the gains made
by the jet flow are outweighed by the ideal jet flow power term, mgAH' s1-3°
in the' thermodynamic efficiency definition described in Equation (6). Com=-
paring the stators for a stator cavity pressure ratio of 0.70 on terms of
base efficiency, shows the jet flap stator to be about a point lower across
a range of rotor cavity pressure ratios from 0 37 to 1 20

Figure 29 shows the variation of thermodynamic efficiency (with pump--"
ing power) as a function of stator and rotor cavity pressure ratio. As in
Figure 28, the maximum efficiency occurs at a stator cav1ty pressure of
0.70 and a rotor. cavity pressure. ratio of 0.6, For these flow conditions of '
RepT = 2.034, PTiR/PT( = 0.6, and Prig/PT( = 0. 7, the maximum -
thermodynamic efficiency with pumping cons1dered was 88.'4% as com-
pared with 87, 1% when pumping was not considered. Furthermore, the,

87. 1% thermodynamic efficiency for the jet flap stator/jet flap rotor tur-
bine was about one point lower than the plain stator/jet flap rotor efficiency
of 88%. At.design N/\f6.; and Repr, (with Ppp/PT, = 0.6 and design
PTIS/PTO -1,-0), the thermodynamlc plus pumplng efficiency was 85%.

Figure 30 shows the effect stator cavity'pressure has on base efficiency
for .various rotor cavity pressure ratios. Because the turbine is not charged
for the.use of the ideal power capacity of the jet flows, the base efficiency,
in general, increases for increases in both stator and rotor cavity pressure
ratios. Comparing efficiencies at PTIS/PTO 0.7 and PTIR /PTO 0.6,
the base efficiency was. 87, 9% for the Jet flap stator turbine and 89. 1% for
the plain stator turbine,

i

Vane Surface Vel‘ocity. Distribution

Surface static pressure taps, located at radial positions of 11,0, 12,75
and 14.50 in, (27,940, 32.385, and 36.830 cm), were used to determine’
the surface velocity distribution around the airfoil at each operating point
of the test program, The 11,0 in. (27,940 cm) and 14,5 in. (36.830 cm)
radial sections are 0.5 in, (1,27 cm) from the end walls and were selected
to avoid end wall boundary layer effects on the vane surface static pressure
measurements. The following examples are a few of the more interesting
surface velocity distributions. These examples are:
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® Comparisons of tip, mean, and hub measured and predicted jet-on
and jet-off velocity distributions

@ Effects of stator expansion ratio, stator jet flow, existence of flow
separation, and presence of normal shocks on surface velocity d1str1—
butions

Comparison With Design

Measured and predieted jet flap vane surface velocity distributions are
presented in Figure 31 for the tip, mean, and hub sections, respectively,
with the turbine operating at design overall expansion ratio, design stator
expansion ratio, and design corrected speed with the jet turned off, Similar
measured and design comparisons for the jet-on ( Py, /PTO =1,0) flow
conditions are shown in Figure 32, In general, the agreement between
measured and predicted values was good for the pressure surfaces and
fair for the suction surface. Where the agreement between measured and
predicted values was considered poor (e.g., jet off and hub section in
Figure 31), analyses of the radial distribution of flow rate showed there
was experimentally more flow in the hub region than the design'value. This
would account for the larger-than- des1gn values of surface velocity that were
observed in the hub region.

Effect of Stator Expansion Ratio

Figure 33 presents the surface critical velocity ratios for various stage
expansion ratios while maintaining stator and rotor cavity pressure ratios
of 1,0 and 0.6, respectively. Because the vanes are beginning to choke at
Reqp = 2.03, there is little change in velocity distribution above this value.
At Repp = 1.4, the flow accelerates on ‘the suction surface to about V/Vgp

= 0.8 at about 40% of the axial chord, then continues at a subsonic and fairly -
constant velocity level to the end of the vane. The constant velocity suggests"
‘separation. As Rg T is increased, the prlmary flow increases and the
stator jet flow increases The velocities on the suction surface are higher,
and continue to increase over the rest of the vane. The higher jet flow
apparently is now more effective in suppressing separation,

Effect of Stator Jet Flow

The effect of stator cavity pressure on surface velocity distribution is -
presented in Figure 34. As the amount of jet flow was increased, an accel-
eration of the flow was promoted in the trailing edge region on the suction
surface while a deceleration was promoted on the ‘pressure surface., The
increase in stator cavity pressure results in a decrease in primary flow
which produces a drop in velocity level on the forward section of the vane.
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_Suction Surface Separation

During the off-design operation of the stator, suction surface flow
separation was observed (Figure 35). For the jet-off condition, separation
occurred at 40% axial chord and failed to reattach farther down the. vane
surface, While maintaining the same stator expansion ratio, the jet was
activated (PTIS/PTO = 1. 8) and the flow reattached to the vane surface.

Flow separation was observed only at the low stator expansion ratio-
flow conditions, This is attributed:to increased suction surface diffusion
which was much larger at the low expansion ratio conditions than 1t ‘was at
the higher expansion ratio flow conditions. . : :

. . B . s

_Normal Shock U U T

Figure 36 illustrates a set'.of'»flow conditions where normal shocks
appeared just downstream of the throat location on the hub section suction
surface. The average stator expansion ratio was 1.8, while locally at the
hub section it was 2.2 to 2.3.. As the stator expansion ratio'was increased,
the shock position, moved downstream and ;eventually off the trailing edge..
It will be shown later that the existence of a shock was discernable in the"
stator exit cone pro_be circumferential survey. Figure 36 shows that for
a fixed stator expansion ratio, . increasing the stator jet cavity pressure .
amplified the effect of the shock on the surface static pressure behavior,
PHASE II—VARIABLE AREA TEST
Phase II of the test involved operating the turbine over a. matrix of rotor
cavity pressure ratios, stator cavity pressure ratios, and stage expansion
ratios. Three rotor cavity pressure ratios were chosen in the optimum
thermodynamic efficiency range (PT /PT = 0.50, 0.60, and 0.80)., Stage
expansion, ReT , was varied over a. w%e range extending from 1,4 to
2.4, Three statOQ“ éamty pressure ‘ratios were selected; they were 0,75, .
1.0, and 1, 8. L : . : - :

A stator cavity pressure ratio of 0,75 was selected as a result .of the-
high efficiency demonstrated at that level. - The natural limit of a stator,
cavity pressure is that of the compressor discharge. -This defines a cavity
pressure ratio of 1.0 for a first-stage stator. A third stator cavity pres-.
sure ratio value of 1.8 was selected as a reasonable level for a second -stage
stator.
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Turbine Flow Rate

Figure 37 shows the effect that stator cavity pressure has on primary
flow for various levels of rotor c¢cavity pressure ratio at various settings
of turbine expansion ratio. These data show that as the-stage expansion
ratio-is increased the stator jet has less effect on reducing primary flow.
This is: because the influence of the jet flap on flow control-is primarily a
momentum interaction between the jet and the primary.flow: streams. The
less the jet momentum —relative to the primary stream momentum —the
leSs.control ‘the jet can exercise on the primary stream. -As thé stator
ekXpansion ratio increases, the momentum of the primary stréam increases
relative to that.of the jet;-the jet-effectiveness in controlling the flow de-
creases, Percent of primary mass flow reduction’ is présented in Figure
38 as a function of percent of stator jet flow for lines of constant stator
exit ideal Mach number. As much as 33% flow reduction' was .observed at
0.6 exit Mach number with 10% stator jet flow, Flow reduction drops off
rapidly with-an ihicrease in-Mach number-to about 22% at ‘a Mach number
of 1. 0 U S AR P CA £ A .

Fvlgur'es 39 and 40 present the variation of stator and rotor jet flow =
with stator and rotor cavity pressure: tatiés. These data’show that the
stator cavity pressure ratio that'results in zeTo stator jet flow tends to
decrease with an'increase in stage expansion.  This efféct is caused by
the decrease 'in stator exit-static pressure that acconipanies an incredse
in stage expansion.- At a stator cavity -pressuré of'1, 8, thé stator jet
slot was choked for the range of stage expansion ratios tested. The
equivalent choked jet flow for the stator was found to be 1.321b/sec
(0.598 kg/s). Figure 40 shows that for a given rotor cavity pressure
.»ratio, the rotor jet flow increases with-an increase-in stage expansion
ratio, - The'rotor-jet slot did not choke over th1s range of stage expansmn‘
rat1o and: rotor cav1ty pressure ratlo T

: Equlvale_n_t ‘statorzlnlet: f-low'asxafuncti‘on'of stator expansion"ratio is =

presented in Figure 41.  This plot has various symbols representing _
different stator cavity pressure ratios and different shading to show rotor
cavity pressure ratio, These results show that when the rotor is operating
with a fixed rotor jet cavity pressure ratio,- it is actually behaving as a
conventional ‘solid rotor 'blade with certain: unlque reaction characterlstlcs
and the flow characteristics of.thé turbine are entlrely determined by the B
jet flap-stator: as it operates at varlous ]et cav1ty and stator expansmn

- ratios, :
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Turbine Static Pressure

Axial Gradients

Figure 42 presents local static pressure distribution through the turbine
for various turbine expansion ratios and stator cavity pressure ratios of
0.75 and 1.80. In general, the turbine operated with negative reaction in
- the rotor hub region over most of the expansion ratios and cavity préssures °
investigated. As the stage expansion ratio was increased the rotor hub
reaction increased and became positive at-2,.06 for P /PT =0./75 and - - .
2.34 for Py /PT = 1,80. Anincrease in stator cav1¥y pressure ratio
produced a decrease in the stator.exit pressure and.a slight increase in _
rotor exit pressure. Thus,; the effect of an increase in stator cavity pres- .
sure was to- permlt the rotor to operate at. more, negatlve values of hub
reactlon o S : o - ‘

CircumferentialgGradients.' Lo L

~Figures 43 and 44 present the stator exit end wall static. pressures-as a
function of circumferential position for stage expansion ratios:of 1.4 :and.
2.4, respectively. These static wall taps were located 0.5 1n (1.270 cm)
axially behind the trailing edge of the stator and verniered across one vane
passage,  Circumferential gradients were found to increase with an increase.
of stage éxpansion and were . more severe at the hub than at the tip. In. :
general, as the stator cavity.pressure is increased,  the curves. are shghtly
displaced to the.left because of the increase in turning brought about by -the .:
stator jet. .

Turbine Efficiency

The effect of stator cavity pressure ratio, rotor cavity pressure ratio,
and turbine expansion ratio on thermodynamic (plus pumping) efficiency is:
presented in Figure 45.  In general, the level of efficiency decreases with
increasing turbine expansion ratio.. The maximum thermodynamic (plus. . -
pumping) efficiency observed in the test program occurred at ReTT" 1.4,
girlzsq/PTo 0.7 - 0.75, and PTIR/PTO 0.8. This maximum value was

o, - o

Figures 46, 47, and-48 present composite maps of .specific work,for
three values of PT /P as a function of the product of rotor cavity pres- -
sure ratio and pr1mary f?ow for various stage expansion ratios and-rotor
cavity pressure ratios, Also shown in these illustrations are contours of
constant fchermodjnar’n‘ic efficiency.. The optimum thermodynamic.efficiency
occurred ar»oun’d'PTIR/P.T.O = 0.7'and ranged from a maximum value of
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88.75% down to 82% as Prg /PT0 was increased from 0,75 to 1,8.. The
P /PT = 0.75 map compares most favorably with the corresponding
plam stator map of Figure 49, The stage expansion ratio that results in
the maximum eff1c1ency tends to increase with an increase in stator cavity
pressure ratio. - . : : C

Rotor Exit Surveys .

Circumferential traverses-(using a combination total pressure, tem-
perature, and yaw ‘angle probe) performed immediately downstream of the
rotor trailing edge were completed to map the flow characteristics existing
in the turbine rotor: These surveys yield circumferential variation of tem-
perature drop, total pressure:ratio, blade:exit absolute angle, and local"
efficiency! Contour maps. were.constructed.from these surveys and are
presented in Figures 50 through 53, for both the stator jet-on (PTIS/PTO- =
1.0) and jet-off flow conditions. Figures 50 and 51 show that the stage total
pressure ratio, PTO/PT2, was. not uniform over the annulus for either of
the two operating points. The presence of the stator wakes developed a
circumferential.variation of peaks-and valleys in the total pressure distri-
bution at the turbme ex1t ol oy 0 ,

Efﬁciency contours.are presented in Figures 52 and 53,: For both
operating conditions, the efficiencies near.the hub and tip end walls are
similar in level and pattern.. The hub efficiency is about ten points lower.
thanthat of the tip: -As the:midchannel is approached,.the jet-off efficiency
shows improvement over-that of .the jet-on efficiency and is about 4.0 points
higher at the mean section, ‘

PHASE III—STATOR DETAILED PERFORMANCE TEST

The Phase III turbine rig configuration consisted of removing the rotor
assembly and replacing. it with spacers to provide a smooth hub wall flow
path at the stator exit., With this arrangement, the stator was tested over
various stator expansion ratios while maintaining a stator cavity-to-inlet
total pressure ratlo PTIS/PTO' of 0,75, 1, OO 1.80, and also zero jet flow.

Turbme Flow Rate

Figure 54 shows the variation of equivalent primary flow rate over a
range of stator expansion ratios for various.stator.cavity pressure ratios,
The shaded symbols: are Phase III (rotor removed) data. Also plotted in the
illustration are open symbols representing Phase Il .data (with the rotor in
position rotating at design speed over a range of rotor cavity pressure
ratios). These data show that the rotor had very little effect:on the primary
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flow regardless of rotor cavity pressure ratio. At the design stator ex-
pansion ratio, the design values of primary flow —46. 59 lb,,/sec (21,133
kg/s) with the jet on (PTig/ P = 1.0) and 49, 85 lby,/sec (22,611 kg/s)
with the jet off —were both achieved experlmentally

The stator jet flow is presented in Figure 55 as a function of stator
expansion at various stator cavity pressure ratios. As before, both
Phase II and III data are shown on the same graph These results show
that stator cavity pressure ratio and stator expansion ratio are the only
independent variables that have any effect on stator jet flow.

Jet Momentum Coefficient

One of the more useful data correlatmg parameters is the jet momentum "
coefficient, CJ which is the ratio of Jet momentum to stator exit momentum,
Cj is defined as

Cj = — 2 :
] (fhp + mg) V] - h Vi

"The jet velocity, Uj, is computed by assuming a linear hub-to-tip dis- .
tribution of stator exit static pressure along with cavity pressure, PTI A
to determine the expansion ratio across the jet slot and, therefore, the jet .
critical velocity ratio, UJ/U r+ Ujer 1s computed by using the jet cavity .
total temperature. The jet momentum was determined, using the jet
velocity and jet flow rate which was assumed proportional to the design
radial distribution of mg/(mp + mg).

- Stator exit total and per unit depth mass flow were calculated, using
local total pressure, temperature, and angle measurements obtained from
Station 3 yaw probes. Figures 56, 57, and 58 show, respectively, the
near-hub, mean and near-tip section variation of Cj with local stator ex-
pansion ratio for various stator cavity conditions, These data show that
an increase in cavity pressure causes an increase in Cj. An increase in
stator expansion causes the primary momentum to increase at a faster
rate than the jet momentum and, therefore, lowering the jet momentum
coefficient, At the lower stator expansion ratios, the exit static pressure,
is too high for the 0. 75 cavity pressure ratio to result in jet flow. At
PTIS/PTO~= 1. 80 as a result of the acute gas angle at the hub and the jet
momentum deflection, the primary mass flow in the hub region is reduced.
This causes a decrease in primary stream momentum and a sharp increase
in the jet momentum coefficient,
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Lift

Figures 59, 60, and 61 presents specific lift as a function of local stator
expansion ratio for different cavity pressure ratios and radial positions.
Vane lift was calculated by summing the change in tangential jet momentum
and the surface pressure forces on the vane, As shown in these data an
increase in cavity pressure ratio results in an increase in specific lift,

As the jet flow was increased, the jet momentum force was increased
while the primary flow was reduced. Associated with this primary flow
reduction was a decrease in the vane pressure force. Apparently the in-
crease in jet momentum force and decrease in primary mass flow out-
weighed the decrease in pressure force. A condition of limiting loading
developed in the vane passage with increasing stator expansion ratio. At
the hub section the specific lift continued to increase untilthe local stator
expansion ratio reached about 2.5. At this point the complete hub passage
was choked with a normal shock, which was probably located just at the
trailing edge. Further increases in expansion ratio could not promote
changes in the flow conditions upstream of this shock and the primary and
jet condition remained constant, Furthermore, at the mean and tip sections,
the flow might have been choked at the throat, but the specific lift continued
to increase with increasing local expansion ratio caused by increasing lift
developing between the throat and the trailing edge plane. The mean and
tip section probably would also reach a limiting condition at a local Re > 2.7 A
when the normal shock at those radial stations finally moves to the trailing
edge.

Figure 62 is a composite map at the mean section which shows specific
lift as a function of jet momentum coefficient for lines of constant ideal
exit Mach number and cavity pressure ratio. Specific lift increases with
an increase in cavity pressure ratio, exit Mach number, and jet momentum
coeff1c1ent

Figure 63 shows at the mean section, the effect that cavity pressure
ratio has on lift coefficient, ‘Pt, for various expansion ratios, At the design
stator expansion ratio the experimental lift coefficient value was 0,735
whereas the design value was 0.727. As the cavity pressure is increased
the amount of primary flow ‘around the airfoil decreases, resulting in a
decrease in surface pressure difference across the vane. This trend is
also observed in the composite map in Figure 64 which shows lift coefficient
decreasing for an increase in jet momentum coefficient and cav1ty pressure
ratlo for a given ideal exit Mach number,
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Stator Exit Survey

‘ C1rcumferent1al traverses with a cone probe were made at 12 radial .
depths to map the flow characteristics at the stator trailing edge. . Figure.
65 shows the survey cone probe in recordmg pos1t10n 1/2.in, axlally
downstream of the vane trailing edge The cone probe recorded ‘static
pressure, total pressure, and’ vane exit absolute flow angle Stator exit
surveys were made at the followmg operatmg conditions: ’

. ReTSo 1 C=20 PTIS/PTO = Lo

®Rerg,, = 2.0 ms= 00

[ ReTSO_l = 1.5 PTIS/PTO = 18 R

® Rersgy. 724 Pris/Pro = 10w
The h1gh stator expans1on rat1o survey (ReTS 2 4) resulted m ‘|

" the c1rcumferent1al traces shown in Flgure 66. As t e probe traversed
into region 1 of Flgure 66, low. values of total pressure and Mach number
were observed as a result of the wake from the vane trallmg edge Reglon
2 shows the’ h1gh veloc1ty flow of the free stream section of the flow field.

A normal shock wave was encountered in reg1on 3.. The shock is not strong

.enough to produce a measurable drop in total pressure but is observed as.
an 1ncrease in static pressure (therefore a decrease in Mach number) ,
Expans1on takes place in region 4 followed by a wake once again in region.5,

The cone probe surveyed close to the hub end wall: r = 10,66 in., . .
(27.076 cm) and close to the tip end wall: r = 14,87 in, (37. 769 cm).
Figure 67 shows very good agreement. between the static end wall taps -
and the cone probe average stat1c pressure 1nd1cated near the end wall.

F1gure 68 d1splays local stator exit stat1c pressure d1v1ded by 1n1et
total pressure in the near- m1dspan region. . As would be. expected the
subsonic 1, 5 expans1on ratio traces show no d1scont1nu1t1es in statlc pres—»
sure s1nce there are no shocks present in. the flow f1eld '

o C1rcumferent1al traces of mldspan sect1on stator ex1t total pressure .
divided by inlet total pressure are shown in F1gure 69. Comparmg the
traces with the jet on (PT /PT0 1.0) and jet off at a stator expansion
ratio of 2.0, shows that the total pressure depression w1th the jet on is
greater and, therefore, the loss is larger than that with the jet off. As
the stator expansion is increased from 2.0 to 2.4 while maintaining
PTIS/PTO = 1,0, the pressure drop also increased. Examination of
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Figure 69, where Repg, . =2.4, Py /PT0 1.0, the levels in the range
of 8.0 to 11,0 c1rcumferent1al degrees shows a total pressure loss that is
attributableé to a shock standing in the vane passage. Local Mach number
at the stator exit was computed from the local static and total pressure and
are presented in Figure 70. The wide range in magmtude along the cir-
cumference is evident. Figure 71 presents c1rcumferent1al traces of the
absolute stator exit gas angle in the midspan region. Comparing the traces
for the jet off and jet on at an expansion ratio of 2, 0 shows that the jet de-

* flects the primary stream in the tangential direction by approximately 2.0
deg. Figure 71 shows that as the expansion ratlo increases (because the
momentum of the primary stream increases- rélative to the jet.momentum)
the Jet becomes less effect1ve in deflectlng the flow.

Aerodynamic-Midspan Losses

Local values of kinetic energy loss coefficient were computed from the
survey data, using Equation (8). Typical traces for the mean radius are
shown in Figure 72 These traces indicate how the wake loss level increases
withincreasing expans1on ratio, - Also Flgure 72 shows the presence of a
normal shock in ‘the midspan survey plane at the high expansion ratio oper-
ating point., Figure 72 also shows that at the’ design Remg the loss level
increases when the jet is strorgly activated. This increase in loss is
manifested from the jet orientation relative to the mainstream flow. The
jet has a flow component directed. upstream.(i. e. , opposed to the mainstream
flow direction), . This upstream component stagnates a portion of the main
flow and results in a loss of total pressure :

Contour Maps

Contour maps of kinetic energy loss coeffi_'cient computed from Equation

(8) are presentéd in Figures 73 through 76 for the four surveyed operating
points. Uniform free-stream losses are exhibited radially for the subsonic
operating condition (stator expansion ratio of 1, 5) -As the stator expansion
ratio was 1ncreased ‘the hub free-stream losses mcreased because of shock
losses in that region, Compamng the ‘contours for the jet-off and PTIS/PTO

= 1,0 conditions at a stator expansion of 2.0, shows the jet-on condition has
higher losses in the free stream and in the stator wake regions, Figures
77 through 80 present stator pressure loss coefficient (@) contour maps for
the four surveyed operating points. The local values of total pressure loss
were computed using Equation (9). These maps,sh‘ow the same trends as
the kinetic energy coefficient maps, =~ . - :
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Circumferentially Averaged Losses

By integrating circumferentially the actual and dideal kinetic energy—-l .
using Equation (10)—at the stator exit, the radial distribution of kinetic. .
energy loss coefficient was computed. These results are shown in Figure:

. As in the contour maps at a stator expansion-of 2.0, the loss w1th the
Jet on (PTIS/PTO 1.0) is larger than with the jet off. While maintaining
Prig /PTo = 1,0, the loss decreases as, the stator expansion is increased |
from 2.0 to 2,4, This effect may be caused by lower suction surface .
diffusion associated with the 2.4 expans1on ratio; Using the relationship - |
between actual and ideal k1net1c energy.of: Figure 81 and assuming a linear .
hub -to-tip var1at1on in exit static pressure as determmed by the wall taps, -
an exit total pressure can be calculated, and a compatible pressure loss. .
coefficient may thus be defined. The results of this calculation are pre—
sented in Figure 82 and demonstrates the same character1st1cs as: that of .
Figure 81, : D

Mixed Station Calculation ;'.

Lo

A hypothet1cal mlxed station (Ml) was., calculated from the survey data s
at the stator exit (Statlon 1), By definition, propertles at th1s mixed stat1on )
are un1form in the c1rcumferent1al direction,  but are, allowed to varyin the
radial direction. The expressions used in. makmg the_ computations are. ..
described in the Calculation Procedure section.

Figures 83 through 86 present the radial v'ari_ation of kinetic energy loss
coefficient, measured and design values of pressure loss coefficient, and
thermodynamic kinetic energy loss coefficient for the four surveyed oper.-
ating conditions. Also shown in these illustrations are the losses measured
at Station 3. Station 3 is far enough downstream of the vane tra1l1ng edge.
that most of the circumferential gradients should be dissipated.  -These data
show that Station 3 losses were higher than those of the mixed station but
that they showed the same general trends., Station 3 losses are higher in
the end wall regions than in the midspan because of the boundary layer
build up along the case between Stat1ons 1 and 3 :

Figures 83 and 84 show the level to which M1 losses increased above
the stator exit (Station 1) loss levels, Typ1cally, the M1 loss-was about
10% larger than the trailing edge loss level,

Mixed station kinetic energy, total pressure loss, and thermodynamic
kinetic energy loss coefficient values are presented in Figures 83 through
86, respectively, for the four surveyed operating points. o

36

Y S RS



The jef-on (PTIS/PT0 =

1.0) and jet-off total pressure loss, @, at the

design stator expansion ratio along with the design values are presented in

Figures 83 and 84.

These results show that in the midspan region the losses

roughly doubled when the jet was activated to its design blowing rate.
Furthermore, these results show that the design radial distribution of

losses was fairly well achiéved both with the jet on and with the jet off.-

All.

of these results 1llustrate that the vane performance improved in going from

the hub ‘to thé tip region.

This is to 'be expected since the exit Mach number

decreéased in moving rad1ally from the hub section to the tip.. Figure 86
presents :loss data ‘for the 1,5 stator expansion ratio off ~design operatmg

condition,

the jet-deflection resulted in a very acute gas exit angle,

Because of the low primary stream momentum at the hub reglon

This produced’ a

sharp increase in the effective flow length between Stations 1 and 3, and the °
end wall effects for this operatmg pomt overpower the vane losses in the '

hub re glon

Complete Pas:s'a»g'e Loss Calculations " -

Il

Complete passage mixed (Station M1) kinetic energy and measured
(Station 3) thermodynamic kinetic energy loss coefficients were.computed
for the four surveyed operating points from Equations (18) and (19), respec-
tively.  These expressions are described in.tHe'Calculation Procedure
Section and allow all of the survey information for a set of operating condi-

tions to be represented by one humber,

' The values of the two- express1ons

of loss coefficients for the four surveyed points are:

Surveyed

Equation (18):

- Complete passage -

_ Equation (19):

Complete passage -

‘mixed kinetic measured thermodynamic

* "operating ‘energy loss ’ kinetic energy loss

conditions - coefficient, €y coefficient, &g,

mg = 0

ReT‘Sb_l =2.0 0..0‘"‘158 : |0% 1767"

PTig/PTg = 1.0 |

ReTSO-i =2.0" ' 0.0'671‘. ‘0.2079

Prig/PTy = 1.8 |

Rersgy = 1.5 - 10,0522 0.3179°

ReTSO-l =2.4 0.0632 0.1567
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The complete passage mixed station loss values, ep;, exhibit the =~
same irends as the radial variation of kinetic energy loss coefficient of
Figure 81. That'is, the design Repg jet-off flow conditions had the lowest
loss and the design ReTS jet-on flow conditions had the highest loss. In-
creasing the jet cavity pressure from the level corresponding to zero jet
flow up to PTIS/PT 1.0 increased the mixed station complete passage
kinetic energy loss (%rom 0. 0458 to 0. 0671, an-increase of 46, 5%.

The complete passage measured thermodynamic loss coefficient,
€3thermo’ demonstrated both different trends and rnuch higher levels of
loss than €pp1. This is mainly caused by the very acute gas angle near the
hub and attendant high hub section loss levels. Because of these Station’

3 high hub section loss levels, e3,c ermo ‘is not considered to be' a repre- .-
sentative stator’ loss level parameter. . v o

Gas Angle Contour Plots

Stator exit gas angle contour maps are presented in Flgures 87 through
90, Superimposed on these maps are the location of the stator wakes -~
(defined by the maximum pressure loss). As the stator expansion was
increased while maintaining a stator cavity pressure ratio of unity, the
flow angle increased with the increase in primary flow miomentum. If the
stator expansion is held constant and the jet flow is increased from zero to.
a cavity pressure ratio of unity, the flow angle in the wake from the rnean
to the hub remains about the same. Other regions of the annulus show an
increase in angle with a decrease in stator jet flow. Because of this angle :
distribution change, the location of the wake line shifts to the right in the
region from the mean to the tip when the jet is turned on. As the stator
expansion is reduced to 1.5, as shown in Figure 88, the decreased primary
stream momentum allows the jet to be more effectlve in turmng the flow and
displays lower gas angles ‘ '

Circumfere nti al Average Angle

A radial distribution of stator exit angle was determined by the ratio of
axial and tangential momentum as measured by the survey cone probe at
Station 1. : : '

Figure 91 shows the radial variation of stator exit angle for a stator
expansion ratio of 2.0 at a PTIS/PTO = 1,0 and also with the jet off. In
general, the design angle for the jet off was achieved. Agreement with the
design angle is also shown from the mean to the tip for the jet-on condition,
About 1.5 deg of underturning was observed from the mean to hub sections
for the jet on conditions, :
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Boundary Layer Parameters

Boundary layer momentum and displacement thicknesses were cal-
culated for the four survey operating conditions, The respective computa-
tions are described in the Calculation Procedure Section., The ratio of
these boundary layer parameters (shape factor) is shown in Figure 92 for
the suction surface. The total and pressure surface shape factors were
found to exhibit nearly the same magnitudes and radial distributions as the
suction surface shape factor. These data show that for a stator expansion
ratio of 2.0, the shape factor for the jet on (PT /PT0 = 1,0) is larger
than that of the jet-off condition. This effect may be caused by an effective
increase in trailing edge blockage which is a result of the jet. The 1.5
stator.expansion ratio condition displays the lowest value of shape factor
even though this condition has the least acceleration across the vanes
This can be explained by noting that the large value of cavity pressure
ratio (P /PT0 1. 8) alters the vane surface velocity distribution such
that the suctlon surface veloc1ty was continuously increasing.

PHASE IV—ROTOR /STATOR AXIAL SPACING TEST

The recent data of Reference 13 has shown that axial spacing between
the stator and rotor may have a béneficial'effect on stage performance for
blades with secondary flow. Phases I and II were tested with an axial

spacing of 1.4 in, (3.556 cm). The axial spacing dimensions are described
in Figure 93. For Phase IV, the axial spacing was increased to 2.4 in. '
(6.096 cm) and performance data were recorded for a range of stage
expansion ratios for rotor and stator cavity pressure ratios of 0.6 and

1.0, respectively. .

Flgures 94 and 95 show that rotor/stator, spacmg has very little effect
on equivalent primary flow or on the stator Jet flow. Equivalent torque is
shown in Figure 96 for Phase Il and IV, These data show that torque is
very slightly lower for Phase IV than that of Phase II. Figures 97 and 98
show that the increased spacihg had essentially no effect on exit angle and
equivalent rotor flow,. Thermodynam1c efficiency (with pumpmg) is shown
in Figure 99 for Phases II and IV as a function of stage expansion ratio.
The efficiency for the 2, 4-in. (6,096 -cm) axial spacing was about 1, 5 points
lower than for the 1, 4-in. (3. 556-cm) spacing at the low stage expansions,
At design ReTT the efficiency for the two axial spacings was about the
same; above the agmgn ReTTO 3, the eff101ency for the increased axial
spacing appeared to be very shghtly higher than the eff1C1ency for the
smaller axial clearance, :

Two rotor exit surveys were made at the design expansion ratio for the
stator jet on (PTIS/PT = 1.0), and off while maintaining a rotor cavity
pressure ratio of 0.6. The resulting local stage expansion ratio contour-
maps are shown in Figures 100 and 101,
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Comparing these two illustrations with the corresponding 1. 4-in,
(3.556-cm) axial spacing, Figures 50 and 51 show that the stator wakes
became less well defined as the clearance was increased,- When the turbine
was operating with the.small stator-rotor axial spacing, gas particles left -
the stator passage at their respective angles, moved through the required
axial and circumferential distances to the rotor leading edge. When this:.
axial spacing was increased,’ the required circumferential displacement
also increased. Comparison of Phase IV results show how the stator
wakes are still evident through the rotor, but are displaced- c1rcumferen-
tially relatlve to the Phase Il small axlal spacmg results :

F1gures 102 and 103 present the eff1c1ency contours ‘at 2 4-in,. (6 09b- Y
cm) axial’ clearance and Figures 63 and 64 show this’data for the .1.4-in,. .-
(3.556-cm) clearance. The increased clearance appears to dissipate the
stator wakes for both the jet-on and jet-off operating conditions; however,
the overall efficiency levels for the two tests appear to be about the same,
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SUMMARY OF RESULTS

The performance -of a.single-stage turbine with a jet flap stator and
jet flap rotor has been determined over a range of stator and rotor jet -
cavity pressure levels and turbine expansion ratios. The mean section
solidity was 0. 722-.which: corresponded to a value of tangential lift co-
efficient of 0.727.- “The results were compared with the performance of a
turbine using the same jet flap rotor and a conventional stator of 0.923.
mean section solidity and 0. 581 tangential lift coefficient. Both turbines -
were designed to satisfy similar sets of negative hub reaction velocity
diagrams. All testing was performed at design equivalent speed, N/J0— =
4660 rpm (487. 99 rad/s), and with stator and rotor .cavity total temperature
equal to turbine inlet total temperature, The foll_owing,obsgrvatidns_ were-

madegz* .-

.The deéign: staéqr .tofal-_—fid;ététicexpansion ratié \k.rlas 1.976. ‘This
value was very nearly achieved (2, 02) when the turbine was operating at
PTIS/PTO = 1. O, PTIS/PTO = 0. 6, and ReTT = 2. 03.

With design total-to-total expansion ratio (ReT = 2,034) across the
stator and PTIS/PTQ = 1,0, the design value of equivalent stator inlet
flows was 46.59 Ib/sec (21. 133 kg/s). With these design values of ex-
pansion ratio and PTIS/PTO, the design stator inlet flow rate was experi-
mentally obtained when PTR/PT( = 0. 6.

When the jet was turned off the stator inlet flow increased to a maxi-
mum of 49, 45 lb/sec (22.43 kg/s) as compared with the design flow (with
no jet) of 49. 85 lb/sec (22, 611 kg/s) with the turbine operating at design
speed (N/JF = 4660 rpm (487, 99 rad/s) and expansion ratio (Repp = 2.034).

At design turbine operating conditions the stator passed 2. 0% jet flow
instead of the 2, 375% design value,

At design speed-and expansion ratio, the maximum thermodynamic plus
pumping efficiency occurred with Prig/Prj = 0.6, PTIS/PTO =0.7. For
these conditions, the maximum thermodynamic with pumping considered was
88.4% as compared with a maximum value of 87. 1% when pumping was not
considered,

At design speed and expansion ratio, PTIR/ PTO = 0.6, and design,
PTIS/PTO = 1,0, the thermodynamic (plus pumping) efficiency was 85%.
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The 87. 1% maximum thermodynamic efficiency for the jet flap stator/
jet flap rotor turbine was about one point-lower than the plain stator/jet
flap rotor maximum thermodynamic efficiency of 88%. This 0,°9% point
drop in thermodynamic efficiency was caused by increases in vane thickness,
a 22% reduction in vane solidity, and an increase in trailing edge blockage.

In general, the level of eff1c1ency increased with decreasmg turbine -
expansion ratio, That maximum thermodynamic (plus pumping) efficiency
that was observed in the complete test program occurred at Repr = 1.4,
P S/PTO 0.7 - 0,75, and PTIR/PTO 0.8. ?hls rnax1mum value i;vas
91, 2% ’ Co P o . e

When using the base definition of efficiency, the turbine is not charged
for the use of the ideal power capacity of the jet flow; the base efficiency,
therefore, increases for any increase in both stator and rotor cavity pres-
sure ratios. Comparing efficiencies at PTig /PTO 0.7, Py /PT
the base efficiency was 87, 9% for the Jet flap stator turbine and 89 01% for
the plain stator turbine .

The effect that the 'rotor jet flow had on flow reduction was actually to
lower the stator expansion ratio and thereby make the stator more effective
in controlling turbine flow rate. ' '

Primary flow reduction for a given percent stator jet flow increased
as the stator ex1t ‘Mach number was decreased. As much as 33% primary
flow reduction’ was'achieved with- 10% jet flow at' 0. 6 ideal Mach number,
This flow reduction drops to 22% as the exit 1dea1 Mach number is increased
to 1,0, . : o :

Whether or not-the rotor was present in the turbine' had essentially
no effect on stator inlet or stator jet flow rates:

‘The design value of airfoil lift ‘coefficient was 0.727, A value of 0,735
was de’cermined'ex'perimentally o

Stator exit cone probe surveys showed the presence of shock waves in
the free stream.

_These' surveys."als,o_showed,th‘at the vane loss increased with increased
jet flow, . For example, at the design stator expansion ratio, Rerg, the
mean section kinetic energy loss coefficient, €, approximately doubled when
the jet cavity pressure was increased from that of zero jet flow to 1, 0.
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The agreement between computed losses at a hypothetical fully mixed
station and design:values was fairly -good both with the Jet on and. Jet -off
flow cond1t10ns : - : o

The complete passage mixed kinetic energy loss coefficient increased
from 0.0458 to 0.0671, -an increase of 46.5%,: when the stator jet pressure
ratio was increased from zero jet flow: to-the design value of unity."

ATests_Awhe.re the axial spacing between thAei rotor and stator was in-,

creased from 1.4 in, (3,556 cm) to 2.4 in, (6.096 cm) showed that this
increased axial spacing had essentially no effect on turbine performance,

43



10.

11,

REFERENCES

Lueders, H. G. Experimental Investigation of Advanced Concepts to
Increase Turbine Blade Loading. (Vol V, Performance Evaluation of

Jet Flap Rotor Blade.) NASA CR-1580, May 1970,

Lueders, H. G. Experimental Investigation of Advanced Concepts to
Increase Turbine Blade Loading. (Vol VII, Performance Evaluation

of Modified Jet Flap Blade.,) NASA CR-1759, March 1971,

Bettner, J. L. Experimental Investigation in an Annular Cascade
Sector of Highly Loaded Turbine Stator Blading, (Vol IV, Performance

of Jet Flapped Blade,) NASA CR-1423, September 1969,
Bettner, J. L. Design and Experimental Results of a Highly Loaded
Low Solidity, Jet Flap Rotor.. NASA CR-1968, March 1972,

Nosek, S. M. and Kline, J. F. Two-Dimensional Cascade Test of a
Jet Flap Turbine Rotor Blade. NASA TMX-2183, 1971,

Gaedy, T. F. and Bettner, J, L. Experimental Investigation of Aero-
dynamic Flow Control by Jet Flap in a Two-Diménsional Cascade, '

Detroit Diesel Allison EDR 6709, May 1970,

Stabe, R. G. Design and Two-Dimensional Cascade Test of a Jet Flap
Turbine Stator Blade with Ratio of Axial Chord to Spacing of 0.5. NASA

TMX-2426, December 1971,

Lueders, H, G. Experimental Investigation of Advanced Concepts to
Increase Turbine Blade Loading, (Vol I, Analysis and Design.) NASA

CR-735, June 1967,

Lueders, H, G. Experimental Investigation of. Advanced Concepts to
Increase Turbine Blade Loading. (Vol II, Performance Evaluation of
Plain Rotor Blade.) NASA CR-1172, August 1968. '

 Katsanis, T. FORTRAN Program for Calculating Transonic Velocities

on a Blade-to~Blade Stream Surface of a Turbomachine, NASA TN-
D-5427, 1969,

McNally, W, D, FORTRAN Program for Calculating Compressible
Laminar and Turbulent Boundary Layers in Arbitrary Pressure
Gradients, NASA TN-D-5681, May 1970.

44



12,

13.

Zweifel, O, "The Spacing of Turbomachine Blading, Especially With
Large Angular Deflection.' Brown Boveri Review, Vol 32, December
1945, pp 436-444. ’

H. J. Schum, E. M, Szanca, and ¥. P. Behning. Effect of Staior-Rotor

Axial Clearance on Cold-Air Performance of & Turbine with Transpira-
tion-Cooled Stator Blading. NASA TM X-67914,

45



APPENDIX

Table 1.

Jet flap turbine design point conditions,

Equivalent work, AH/ crg

Equivalent speed, N/{(;cro

Equivalent tip speed, Ut/\lo_cro

Design turbine expansion ratio, P /P
g To/ £ T3

Design stator (jet on) expansion ratio,

PTO/Pstl

Equivalent inlet flow (jet off),

,fnpd-é-croe 0\
8o wo/j

Equivalent inlet flow (jet on),

I.Ilp‘Jo_CI‘Oe 0

30 w/j
Inlet mass flow reduction,

. JO_CI‘O€0> )
m .
w/j

1 - P 39

m \ﬁcrofo>
p = .
wol/j

Ll

Design stator cavity pressure ratio,

Prig/PTg

Stator jet flow, ms/mp

Design rotor cavity pressure ratio,

Prig/Prg
Rotor jet flow, mR/mp

Stator jet slot size, hbg

46

20 Btu/lb (46, 519 J/kg)
4660 rpm (487.99 rad/s)
610 ft/sec (185.928 m/s)

2.034

1,976

49. 85 lb/sec (22.611 kg/s)

46.59 1b/sec (21. 133 kg/s)

6.4%

1,00

2.375%

1,00
6.65%

0.030 in, (0,0762 cm)



Jet flap stator vane section coordinates,

Table II.

47

Y T
X
7389-102
Tip section
Suction Pressure
X . Y
(in.) (cm) (in.) (cm) (in., ) (cm) (in.) (cm)
1,3581 3. 4495 4,8508 12.3210 3.0500 7.7470 3.0000 7.6200
1.4488 3.6799 4,9504 12,5740 2.9610 7.5209 2.9687 7.5404
1.4568 3.7002 4,9511 12, 5757 2,9082 7.3868 3.0410 7.7241
1.4953 3.7980 4,9531 12,5808 2,8470 7.2313 3.1247 7.9367
1,5339 3.8961 4,9533 12,5813 2.7705 7.0370 3.2293 8.2024
1,5726 3.9944 4,9508 12,5750 2.6939 6.8425 3.3362 8.4739
1,6112 4,0924 4.,9457 12,5620 2.6173 6.6479 3.4396 8.7365
1,6498 4.1904 4,9367 12,5892 2,5407 6.4533 3.5437 9.0009
1.6886 4, 2890 4,9252 12,5100 2. 4640 6.2585 3.6476 9, 2649
1.7277 4,3883 4,9096 12,4703 2,3872 6,0634 3.7506 9.5265
1,7661 4,.4858 4,8913 12,4239 2.3104 5.8684 3.8517 9.7833
1,8048 4,5841 4,8703 12,3705 2.2334 5,6728 3.9532 10,0411
1,8436 4,6827 4,8462, 12,3093 2,1564 5.4772 4, 0527 10. 2938
1.8825 4,7815 4,8193 12,2410 2.0793 5,2814 4.1475 10. 5346
1,9212 4,8798 4,7900 12,1666 2.0020 5.0850 4,2377 10.7637
1.9600 4,9784 4,7577 12,0845 1,9633 4,9867 4,.2813 10.8745
1.9988 5.0769 4,7231 11,9966 1.9247 4,8887 4, 3239 10,9827
2,0764 5.2740 4,6446 11,7972 1,8861 4,7906 4, 3649 11,0868
2.1539 5.4709 4,5558 11,5717 1.8474 4,6923 4, 4037 11,1853
2,2313 5.6675 4,4589 11,3256 1,8087 4,5940 4, 4417 11,2819
2,3086 5.8638 4.3519 11,0538 1.7699 4,4955 4,47179 11,3738
2.3859 6.0601 4,2355 10,7581 1,7314 4,3977 4,.5124 11,4614
2.4639 6.2583 4,1150 10.4521 1.6924 4,2986 4,5467 11,5486
2.5400 6.4516 3.9887 10,1312 1,6536 4,2001 4,5791 11,6309
2,6169 6,6469 3.8583 9.8000 1,6149 4,1018 4.6107 11,7111
2,6936 6.8417 3.7248 9.4604 1.5762 4,0035 4,6411 11,7883
2.7703 7.0365 3.5857 9.1076 1,5373 3.9047 4,6707 11,8635
2,8469 7.2311 3.4429 8.7449 1,4984 3.8059 4,6999 11,9377
3.0000 7.6200 3.1225 7.9311 1,4596 3.7073 4,7284 12,0101
3.0451 7.7345 3.0216 7.6748 1,3992 3.5539 4,7701 12,1161
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Table IT (Cont.)

G LN DNNNDNDNDNDNDNDNDNN N DNDN = = e e e et e

X
7389-102
Mean section
Suction Pressure
X Y X Y

(in.) (cm) (in.) (cm) (in.) (cm) (in.) (cm)

.5921 4, 0439 4,7828 12, 1483 3.0500 7.7470 3.0600 7.7724
.6764 4,2580 4,8815 12,3990 2.9590 7.5158 3.0314 7.6997
. 6906 4,2941 4,8834 12.4038 2.9223 7.4226 3.0876 7.8425
L7233 4,3771 4,8862 12,4109 2,.8705 7.2910 3.1676 8.0457
. 7560 4.,4602 4.8875 12,4142 2.8058 7.1267 3.2677 8.2999
, 71887 4,5432 4.8871 12.4132 2,7409 6,9618 3.3670 8.5521
.8215 4,6266 4.8855 12,4091 2.6760 6,7970 3.4661 8.8038
. 8543 4,7099 4.8819 12, 4000 2.6111 6.6321 3.5648 9. 0545
.8871 4,7932° 4,8755 12. 3837 2.5462 6.4673 3.6604 9,2974
.9196 4.8757 4,8677 12,3639 2,4811 6.3019 3.7547 9, 5369
.9528 4,9601 4,8565 12. 3355 2.4159 6,1363 3.8510 9.7815
. 9857 5,0436 4,8427 12,3004 2.3507 5.9707 3.9451 10. 0205
.0186 5.1272 4,8263 12,2588 2.2854 5, 8049 4,0345 10, 2476
.0515 5,2108 4,8067 12,2090 2.2199 5.6385 4,1204 10, 4658
. 0844 5.2943 4,7845 12,1526 2.1545 5.4724 4.2031 10, 6758
L1174 5.3781 4,7595 12,0891 2.-1216 5.3888 4,2430 10,7772
. 1503 5.4617 4,7324 12,0202 2.0888 5.3055 4,2819 10. 8760
.2162 35,6291 4,6674 11,8551 2.0559 5,2219 4,3202 10,9733
.2822 5,7967 4,5863 11,6492 2.0232 5,1389 4,3572 11,0672
. 3479 5,9636 4,4970 11,4223 1.9893 5.0528 4, 3933 11,1589
.4136 6,.1305 4,4012 11,1790 1.9574 4,9717 4,4265 11,2433
.4792 6.2971 4,2977 10.9161 1.9242 4,8874 4,4601 11,3286
. 5448 6.4637 4,1867 10. 6342 1.8915 4,8044 4,4918 11,4091
.6101 6.6296 4,0685 10, 3339 1,8586 4,7208 4,5225 11,4871
.6753 6.7952 3.9455 10,0215 1,8257 4,6372 4,5520 11,4858
. 7405 6.9608 3.8133 9.6857 1.7927 4,5534 4,5806 11,6347
. 8055 7.1259 3.6715 9, 3256 1.7598 4,4698 4, 6077 11,7035
.8704 7.2908 3.5267 8.9578 1,7268 4, 3860 4,6336 11,7693
. 0000 7.6200 3.2029 8.1353 1.6938 4, 3022 4,6588 11,8333
. 0450 7.7343 3.0818 7.8277 1,6331 4.1480 4,7020 11,9430
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Table II (Cont.)
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H*
X
7389-102
Hub section
Suction Pressure
X Y X Y
(in,) (cm) (in,) (cm) (in.) (cm) (in,) (cm)
1,.8254 4,6365 4,7209 11,9910 3.0500 7.7470 3.1200 7.9248
1.9201 4,8770 4.8207 12, 2445 2.9571 7.5110 3.0043 7.8595
1.9236 - 4,8859 4,8218 12,2473 2.9360 7.4574 3.1312 7.9532
1,9505 4,9542 4,8245 12,2542 2.8940 7.3507 3.2039 8.1379
1.9774 5.0225 4,8246 12, 2544 2.8409 7.2158 3.2926 8. 3632
2.0043 5, 0909 4,8226 12,2494 2.7879 7.0812 3.3808 8,5872
2.0313 5, 1595 4,8183 12,2384 2,7347 6,9461 3.4701 8.8140
2.0583 5.2280 4,8110 12,2199 2,6815 6.8110 3.5570 9. 0347
2.0854 5.2969 4,8016 12, 1960 2.6283 6.6758 3.6442 9, 2562
2.1225 5.3911 4,7834 12, 1498 2.5749 6,5402 3.7321 9. 4795
2.1396 5.4345 4,7741 12,1262 2.5215 6.4046 3.8185 9, 6989
-2.1867 5.5034 4, 7562 12.0807 2.4680 6.2687 3.9030 9.9136
2.1938 5.5722 4,7361 12, 0296 2,4143 6.1323 3.9860 10, 1244
2.2210 5.6413 4,7127 11,9702 2.3606 5,9959 4,0674 10, 3311
2.2482 5,7104 4,6862 11,9029 2,3068 5.8592 4. 1480 10. 5359
2.2754 5.7795 4,6565 11,8275 2,2798 5,7906 4,1865 10,6337
2.3025 5.8483 4.6247 11,7467 2.2528 5,7221 4,2243 10,7297
2.3568 5.9862 4,5538 11,5666 2,2258 5.6535 4,2614 10.8239
2.4111 6.1241 4,4740 11,3639 2.1987 5,5846 4,2984 10,9179
2.4652 6.2616 4,3878 11, 1450 2,1716 5.5158 4, 3341 11,0086
2,5192 6.3987 4,2997 10,9212 2. 1446 5,4472 4, 3691 11,0975
2.5731 6.5356 4,2090 10.6908 2,.1280 5,4051 4, 3894 11, 1490
2.6268 6.6720 4,1122 10. 4449 2.0903 5.3093 4,4345 11,2636
2.6805 6.8084 4,0112 10, 1884 2,0632 5,2405 4.4648 11, 3405
2,7340 6.9443 3.9056 9.9202 2.0360 5.1714 4.4945 11,4160
2.7874 7.0799 3.7952 9,6398 2.0089 5,1026 4,5226 11,4874
2.8407 7.2153 3.6766 9.3385 1.9817 5.0335 4.5492 11,5549
2.8038 7.3502 3.5512 9.0200 1.9546 4,9646 4,5737 11,6171
3.0000 7.6200 3.2728 8.3129 1,9274 4,8955 4,5968 11,6758
3.0472. 7.7398 3,1365 7.9667 1,.8704 4,7508 4,6373 11,7787
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Table IV,

Jet flap radial distribution of equivalent forces.

Force per unit
length in the
axial direction

Force per unit

Radius (r) (F /8,2
in, cm lbf/in. N/m
10. 5775 26. 8668 13.3628  2340. 17
10. 7985 27.4281 13.1013 2294, 37
11. 1475 28.3146 13.0343  2282.64
11,7402 29.8201 12.9275  2263. 94
12. 4387 31,5942 13.1217  2297.95
13. 3202 33.8333 12.4097  2173.26
14, 1774 36.0105 12.5815  2203.34
14, 6002 37.0845 12.0506  2110.37
14, 8242 37.6534 12.0444 2109, 28
14, 9562 37.9887 11.8036  2067. 11
4 Fy
Fx

80 = Pry/14.696 psi (101,325.4 N/m?)

Engine centerline

7389-103

51

length in the
tangential direction
(Fy /8,0
lbf/in, N/m
6.2890 1101, 36
6.9571 1218, 36
7.2814 1266. 40
7.4087 1297. 45
6.8490 1199. 43
8.3963 1470, 41
8.2699 1448, 27
8.3158 1456, 31
8.2076 1437, 36
7.9293 1388. 62



Figure 1. Modified jet flap rotor assembly.
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Surface critical velocity ratio—V/V¢r

Surface critical velocity ratio—V/V¢,

Axial chord—%
Tip section

Surface critical velocity ratio—V/Vc,

0'00 2 60 80 100
Axial chord—% Axial chord—%
Mean section Hub section 7389-4

Figure 4. Jet flap stator velocity and boundary layer shape factor
distribution with jet flap off.
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Surface critical velocity ratio—V/V,

1.2

| ! : ] R}

L2 e e
et Tg T

5 T Mg = 2.375%
= LOf—bo b
2 - Suction 1]
® Rl
2 08pF—= |
8 B !
2
] 0.6 -+
L
= A
[+5
3
S ——
wm

=10 ]

— THifor \_
- suction .
- surface |

Axial chord—%

1P

Tip section
P, =L —iipu o g
- Tis o R rk s A5 o L
! mS/mIJ =2.315% |
g : o o
Suction L0

P. /P, =1.0
- Tis o
e mslmp-2.375%
Suction R

[ surface

Pressure

=k surface =

o el = —1.8

1.8 0.4 e L

5 T i for

1.6 v ~—1 suction — 1.4

1.4 0.2} surface 1.2

¥ i he } - - 1L0

N e i 1.0 0.0 ] ] | L
20 ) 60 80 1000 0 20 4 60 80 100
Axial chord—% Axial chord—%
Mean section Hub section
7389-5

Figure 5. Jet flap stator velocity and boundary layer shape factor

distribution with jet flap on.
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0.050 in.

0.050 in. (0.127 cm)

» (0,127 cm)

0.050 in.
(0.127 cm)

0.050 in.
(0.127cm)

0.030 in.
(0.0762 cm)

0 04 08 Lz Lo 0 04 08 L2z L6
Inches Inches
L 1 1 1 1 J ¢ 1 1 1 "
0 1 2 3 4 5 0 1 2 3 4
Axial location—cm Axial location—cm
Tip Section Mean section

0.050 in i
. L 0.030 in.
(0.127 cm) (0.0762 cm)

90 3350
\}/, ___L
=
“&_ (.05 in.
0.030 in.  (0.1397 cm)
0.0762 cm)

(0.127 cm)

Recen Focaiboiiilocansdesenl Mean section jet slot details
0 0.4 0.8 12
Inches

L A 1 1

0 1 2 3 4
Axial location—cm

Hub section 7389-6

Figure 6. Tip, mean, and hub section and jet slot details.
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Jet flap

‘Suction surface

Pressure surface 7389-7

Figure 7. Suction and pressure surfaces of the plain and jet flap
stator vanes.
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- Lesin @267cm) |.—

38} 15.0f Tip
1.5}
Jet
36 1 slot
14,0+
1.5}
34 -
£
13,0+
! .
S 2 Mean—{| 0,050 in.
5 %[ 2 st (0.127 cm)
=
-
& 12.0F
m -
1.5}
281 1.0}
L Hub
0.5 Y 1200, G.00cm) 1 —
2|
7389-TA

Figure 8. Jet flap stator internal guide vane assembly.
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Figure 10. Jet flap stator assembly (aft looking forward).
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Flow

7389-9

Figure 11, Jet flap stator assembly.
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Jet flap rotor
Station 0

, 1 2 3
m
1.0 [ PT \ ! T PT | : i e
T ! IS | T IRl Myt MiMe o
i Al 71
e LA
Jet flap stator ~ Mp 30-in.
(76.20-cm)
tip dia
____..___E -
<21-in.

(53.34-cm) hub dia

Design Point Conditions

Equvialent work, AH/.9cr 20 Btu/Ib (46,519 J/kg)
0
Equivalent speed, N/VFC " 4660 rpm (487.99 rad/s)
0
Design expansion ratio, PT /PT 2.034
0 '3
m Vlcr
Equivalent inlet flow (jet on), ot 46.59 Ib/sec (21.33 kg/s)
80 Jwij

Design stator cavity pressure ratio, PT IPT 1.00

IS 0
Percent stator jet flow, m S/:ﬁp 2.375%
Design rotor cavity pressure ratio, PT IPT 1.00

IR 0
Percent rotor jet flow, r'nR/rﬁp 6. 65%

Vocr
i 0

4 30 /wij

Percent inlet mass flow reduction, 1 - ———~2 — ) 6. 4%
‘/o—cro >
m
P 8) /ol
iy Vecr,
Equivalent inlet flow (jet off), —__ "~ 49.85 Ibisec (22. 611 kg/s)
80 wolj
7389- 11

Figure 12. Jet flap turbine flowpath schematic and design point
conditions.
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Figure 13. Stator exit survey cone probe.
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:

0.50 (0. 127)

U]

0.795 (2.019) f
6 %\ 50070, D) o.is (0.711)

P\ao (0.101)

0.375 (0. 952) 0.125 (0.317)

Dia =0.125 (0.137)

Probe shaft

15” half-angle
probe element
Dia = 0.125 (0.317)

ONARARNL BTN

1.916 (4.866)

2.166 (5.501)

2.041 (5. 184))\
total

—

stat ic

/

Note: All dimensions are in inches (centimeters)

Figure 14. Stator exit survey cone probe geometry.
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Dia 0.125 (0.137)

j———

‘/ 4.45°

7389-13




| 7389-14

Figure 15. Jet flap stator hub pressure surface static taps.
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st

0

Total -to-static expansion ratio—PT P

Measure of static pressure
decrease across the rotor

EIEEEE as function of rotor cavity Overall
= pressure ratio ;‘;g’:\’:
S Rl st s e e on
= ! e 5 : = ratio,
T S =P IP
i s Tg sy
= , My =0~
= i R inlet-to-
=St : , stator exit
: e o e e e s expansion
et  JEE : S == ratio,
S Sasct bevet pot : i §L\PT /PT '0.6 1 P /P
i s T2 IR 0 : To s,
?fwﬁl“ 1.0
H 10‘ 31.2?55Nn/‘/"}c = 14660 rpm
, i = £487.99 radis
“EE Flow Sl E SR R =2.0346
1.0 1.2 1.4 1.6 1.8 2.2
Stator cavity pressure ratio—P. /P
Tis To
7389-15

Figure 17. Effect of rotor and stator cavity pressure on stator
and overall turbine total-to-static expansion ratios.
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Equivalent primary fiow-—rﬁp ﬁcro €o/So, kais

50
T Jet-off design value = 49.85 Ib/sec (22, 611 kgls)
2.5 r i it 5 st i B ] |
: ST T R HE
o 5 i
2.0 Bl
HHEANCS
48 B
2.5} i Isec (21.133 kgls) |
47 S ;EEI::::I:_::—:[:::.:[::
g Rotor cavity
5 pressure
2101 : Symbols atio = Pr e/Pry
46 » 0 R"
E O 0.6
20.5 a (L0
g & v |12
= e et
20.0— 4
9.5 4
wof- ¥
ak
18.5}—
0.6 0.8 1.0 1.2 1.4 1. 1.8 2.0 2.2
Stator cavity pressure ratio - Py | S/PT0 7389-16

Figure 18. Equivalent primary flow variation with stator and rotor
cavity pressure ratio at design speed and expansion ratio.
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Stator inlet mass flow reduction 1 -l:
o
I
O\QX |
4

ZOF

'°\°‘ Based on
8 18 |- m \rcr a)‘”°’ = 49 1b sec (22,226 kg/s) ¥
x 0 meas
S
o 'r | A
% | o VPTiR/PTg = 1.2
R
= 14 TA PTIR/PTO = 1.0
\
s.O 12 — .
© amp =0
> o
.EQ('O
10

Re = 2.03 (design)
T

% NIVBr = 100

0l ? | | | | | 1 |
0. 0.8 1.0 1.2 1.4 1.6 1.8 2.0

Stator cavity pressure ratio—PTIS/ PTo C7389-17

Figure 19. Effect of stator and rotor cavity pressure ratio on stator
inlet flow reduction at design speed and expansion ratio.
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Equivalent rotor infet flow—~(mp+mg) \/§cr1€ 181, kgls

23.0

B =2.03
s B :n/T\/ﬁz 100 omg -9
'\.\‘.,';. o cr” PTin/P1n =0.6
295 ;v 0 O T|R/ To ;
22.0+ ¥ D
-]
Bi— A
¥ ®
2.5 8 .
S 4 A o
Design value A ‘ > -
21.0 46 V " e
20,5 45 v =
20.0f u- .
] ] ] | | | ] 1

0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0
Stator cavity pressure ratio—PT.,S/PTO
7389-18

Figure 20. Variation of rotor inlet flow with stator and rotor cavity

pressure ratio.
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4.0~ i i
e Symbol | ratio—Py,o/P1g
% aslk PE g g -0
) =z O 0.6
<
o
i iz .0
‘o 51| : =BG
g 2.0 v.|Le
> E
£ E
+ 50 B
=
+, 25 8
-;Er é
3 &
g 2.0
5 a8
£
=] . .
T 25|
a
2.0}
46
wsb Lol e e T
0.6 0.8 1.0 1.2 1.4 1.6 L8 2.0 2.2

Stator cavity pressure ratio—PTlS/PT0 28919
7389-1

Figure 21. Variation of total flow with stator and rotor cavity pressure
at design speed and expansion ratio.
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0.7

0.6
2
%)
® 0.5
” .
“n
g" 0.4
g
]
3
;i 0.3
5
B
5 0.2
s
3
&
0.1
0.0

Ib/sec

Rotor cavity pre
ratio~Pr /P14
mR =0 =
0.6
1.0

1.2

0.0, 0.8 1.0 1.2 1.4 1.6 1.8 2.0 2.2

Stator cavity pressure ratio—PTlSIPT0 138920

Figure 22, Variation in equivalent stator jet flow for various stator

and rotor cavity pressure ratios of design speed and
expansion ratio.
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Rdbr cavity
LT pressure
- ratio—P,,

P
R 10

mR "0
0.6
1.0
1.2

Stator jet flow/primary flow—2%

: l
0.8 1.0 1.2 1.4 1.6 1.8 20 - 2.2

Stator cavity pressure ratio, P, /P
T|S T

[~X =1
oﬁ SigEtty

0 7389-21

Figure 23. Variation of stator jet-to-primary flow ratio with stator
and rotor cavity pressure ratios at design speed and
expansion ratio.
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Equivalent rotor jet flow—th\/?crch IR'8|p- kols

1.6

L4y

1.2

1.0

0.8

0.6
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0.2
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Figure 24. Equivalent rotor jet flow variation for various rotor
- and stator cavity conditions at design speed and

Ib/sec
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Rotor cavity pressure ratio—PTlRlPTo

expansion ratio.
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Rotor cavity
pressure ratio—P
ﬂ.'lR = 0
0.6
1.0
[7¢]
3 1.2
g
=] T
1 B
] e
..E pasas
S ]
U’ :
< e
8 o
£
2 ;
@ : et oo s =R : i
= HEFRTHE - = RS
g i Experimental exit =R —+ Negative ==
= ez angle for zero whirl
@ 96FEEo stator jet flow EEEEEL
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. == Positive :
JEE =g whirl 3=
80 Exbidi i T : SEe s : 8o sl COF SRR SeiH ECRGHEEE e e
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7389-23

Figure 25. Variation in rotor exit absolute gas angle with stator and
rotor cavity pressure ratios at design speed and expansion
ratio.



Equivalent torque— 7€ /5, N-m

2 42 =
T RE= IEret EX=m e -;‘j}r S eSS
e Rotor cavity -
Symbol | pressure ratio—P_. /P, FE==F=
s o e e T T
= = i IR 0 T O
1560 2R = g =0 =
2100} == X =+ 0.6
1.0
T 1.2
152 o = -
2 2%
]
= N
2000} 1480
PP . LD
1440 ZTis Ty
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E : e, 2 4
13w E +H e eaas ”7.‘ .o P e SRERE oS e 1as S22 3+ + ﬁ! 1 1+ ‘Tf “, “r + “H—irm + e ﬁ
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Stator cavity pressure ratio—PT ) PT :
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Figure 26. Variation in equivalent torque with stator and rotor cavity

pre.ss~ur,e ratios at design speed and expansion ratio.
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Equivalent specific work—aH/ g, J.llkg
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a2fEEEESE :
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F1gure 27. Variation in equivalent work with stator and rotor cavity
pressure ratios at des1gn speed and expansmn ratio.
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Total—tg—total thermodynamic efficiency (with pumping)—%

g . T N + [hRumZ =5 b Soat praen
& 52 (2311 H £ = = == pr]
jidk T = | Rotor cavity

86 N = i : S r'nbolv pressure
C=Th B - = = = y v s Tat'°—PT|R/PTo
I = EE e === 0 TR0
= o SHE. S 8 = o 0.6
84 = = ===, o |10
v 1.2
82
80
78
76 P o PROTS BRaad pie SRS STEEE EEESS 20N ."'.» T ».“' ,...., . PRES SRPGS ppdun .'“
0.6 0.8 - 1.0 1.2 1.4 1.6 L8 20 2.2
- Stator cavity pressure ratio—PT s/PTg - . 7389-27

<

Figure 29. Variation in thermodynamic efficiency (with pumping)
with stator and rotor cavity pressure ratio at design
speed and expansion ratio.
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84 A | o
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Figure 31. Comparison of experimental and design surface velocity
' distribution at design jet-off flow conditions.
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Figure 37, Varlatlon of stator inlet flow with both stator and rotor
cavity pressure ratios over a range of turbine expansion
ratios with turbine at design speed.
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Figure 39. Variation of stator jet flow with both stator and rotor cavity

pressure ratios over a range of turbine expansion ratios.
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Figure 40. Variation of rotor jet flow with both stator and rotor cavity
pressure ratios over a range of turbine expansion ratios.
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Figure 42. Variation of static pressure through turbine with jet cavity
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Figure 43. Circumferential variation of stator exit static pressure—
1.4 turbine expansion ratio.
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Figure 45. Variation of turbine efficiency with both stator and rotor
cavity pressure over a range of turbine expansion ratios.
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Figure'50. Phase II local stage totai_-tb-total expansion ratio contour
map for the stator jet off and a rotor cavity p'l_'essure ratio

of 0.6.
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Figure 51. Phase II local stage total-to-total expansion ratio contour
‘ " map for the jet-on condition (stator P /P_..T . =:1.0, rotor .
P = i '
TIR/ PTO 0.6).
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Figure 52, Phase II efficiency contours at rotor exit for stator jet-off
condition (m, = 0 and P,., /P,. = 0.6).
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Figure 53. Phase II efficiency contours at rotor exit for jet-on
condition (P /PT =1,0and Py /P_ =0.6).
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Figure 54. Effect of rotor presence on equivalent primary flow rate
for various stator and rotor cavity pressure ratios.
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Figure 56. Jet momentum coefficient variation with stator expansion
ratio at near-hub section.
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Figure 57. Jet momentum coefficient variation with stator expansion
ratio at mean section.
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Figure 58. Jet momentum coefficient variation with stator expansion
ratio at near~tip section. ‘
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Figure 59. Specific lift at hub section.
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Figure 60. Specific lift at mean section.
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Figure 62. Mean section specific lift variation with jet momentum
coefficient.
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Figure 63. Mean section lift coefficient variation with expansion ratio.
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Figure 64. Mean section lift coefficient variation with jet momentum
coefficient.
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Figure 65. Cone probe in recording position downstream of
stator vanes.
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Figure 66. Schematic and cone probe measurements of jet flap vane
trailing edge flow field.
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Stator exit static pressure ratio, PstI’PTO

o 0,742 in, (1.884 cm)

o 1.222in. (3.154cm)

fa 1742 in, (4.424 ¢cm)

2 4 6 8 10 12 14 16 18 20
Circumferential angle—8, deg

Figure 68. Typical midspan region survey of stator exit static
pressure ratio.
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Figure 69. Typical midspan region survey of stator exit total pressure
ratio.
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Figure 70. Typical midspan region survey of stator exit Mach number,
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Figure 71, Typical midspan region survey of stator exit gas angles.

122



Kinetic energy loss coefﬂcient—eﬁ

0.10

0.2

0.20

0.10F=

0 5 10 15 20

=

Kinetic energy loss coefficient

O T Ry 2.4

o . T30

P IP

: Tis To
0.25}-- b LI
: Vr,6)

r=12.76in. {32. 410 cm)

- I'E

N e 1= V200
a V12 r0)-

Rer_s

0-1
Pr 1Py

0.15

“Jr =12.75in. (32.385 cm);

=15

=18

0. 10

0.05f

0

0

Circumferential position—deg

Figﬁre 72. Typical energy loss coefficienf{ /t'“racé.
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Figure 73. Kinetic energy loss coefficient at stator exit for stator
expansion ratio R =2.4and P_ /P =1.0.
p eT"SO_ an TIS/ T .
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Figure 74. Kinetic energy loss coefficient at stator exit for stator ex-
pansion ratio Ry =1.5and P_ /P,, =1.8.
T'So-l TIS TO

125




Pressure surface

Suction surface

10,029

= 3 n .
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Circumferéntial location— @, deg” -

Figure 75. Kinetic energy loss coefficient at stator exit for stator ex-
pansion ratio Rem_ =2.0and P P =1,0.
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Pressure surface

Suction surface —

Circumferential location— g, deg

Figure 76. Kinetic energy loss coefficient at stator exit for stator ex-
pansion ratio Re'r-so 1: 2.0 and zero jet flow.
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F1gure 77. Stator exit pressure loss coefficient, wy, contour map for
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Flgure 78.. Stator exit pressure loss coeff1C1ent (n IS contour map for‘
jet on (PT /PT = 1,8) and stator expansion ratio

R -
er-sp.g = 1%
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Fi_gur{e.,_79t.:: Stator exit pressure loss coefficient, wy, .contour map for
jet on (PTiS/PT = 1.0) and stator expansion ratio
=2.0.

R
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Figure 81.  Variation of kinetic energy loss coefficient with radius at
several operating conditions.
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Figure 82. Variation of total pressure loss coefficient with radius at
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Figure 87. Stator exit absolute angle (from tangential) contour map
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Figure 88, Stator exitv absolute angle, «, (fx_'_orp 'tangential) éontour
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Figure 89. .Stator.exit absolute angle, a.. »(from tangentlal) contour
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F1gure 90, Stator exit absolute angle, a , from tangential contour map
for jet-off condition and stator expansion ratio
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Figufe 91. Radial variation of measured and design stator exit angle
with jet off and with P o/ P = 1.0 at design expansion

ratio.
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,F1gure 93 Jet flap turbine flowpath schematic showmg stator/rotor
' axial spacing variations.
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Figure 94. Effect of stator/rotor axial spacing on stator inlet
equivalent flow rate.
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F1gure 100. Phase IV local stage expansion ratio contour map for
' stator jet off and rotor cavity pressure ratio of 0.6
with spacing between stator and rotor = 2.4 in. (6.096 cm).
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Figure 101. Phase IV local stage expansion ratio contour map for .
Y Set-on condition (Po /P = 1.0 ahd P /b < .
jet-on condition ( TIS/ Pp,.=1.0and Pp /P = 0.6) with
axial distance between stator and rotor = 2,4 in, (6.096 cm).
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