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ABSTRACT

Engine cycle studies in which compresscr component perfcr-
mance anticipated in 1973 was used were conducted to select
operating conditions for a 3-pound-per-second front-drive gas
turbine optimized for minimum specific fuel consumption (SFC)
at 6G-percent power. Fixed turbine geometry was assumed.
Preliminary matching studies of seven combinations of axial
and centrifugal compressor stages were conducted to accomplish
cycle requirements for 20-, 30-, 60-~, and 100-percent-pcwer
operation.

The ccmpressor type selected--two axial stages employing
variable inlet guide vanes plus one centrifugal stage--was
configured in a2 preliminary design for appiication in a
preliminary enginre layout. Shaft mechanical design problems
were encountered because of the small hub diameter of the
first axial stage and the shaft length reguired. A compres-
sor consisting of a single axial stage with variable inlet
guide vanes and a fixed-geometry single-stage centrifugal
compressor was configured and incorporated in a preliminary
engine layout. Component and overall compressor maps were
calculated for this configuration. The performance cf. an
engine employing this compressor was calculated over the 20-
to 1l00-percent-power range. Comparisons were made between
matched component, compressor, and engine performancz2 with
simplified, idealized compressor and engine perforuance.

The results of this study indicated that a cycle pressure
ratio of 10.5:1 at 60-percent power was optimum for a turbo-
shaft engine of the above design requirements. The matching
problem was concentrated in extending the operating airflow
range of the axial compressor, whether single-stage cx two-
stage. Variable inlet guide vanes provide the best solution
to the matching problem. The matching problem was unaffected
by the choice of maximum turbine inlet temperature, so 2500°F
was selected on the Lasis of minimum SFC and maximum specific
power. An engine having a single-stage axial and a single-
stage centrifugal as the compressor combination offers an SFC
of 0.492 at 60-percent power (475 horsepower). With a two-
stage axial and a singie-stage centrifugal as the compressor
combination, the calculated SFC at 6(0-percent power is 0.479.

iii




FOREWORD

The study program reported herein was performed under contract
to the U.S. Army Aviation Materiel Laboratories (USAAVLABS),
Contract DAAJ(2-63-~C-0073 (Task 1Gl€2203P14413). The program
was conducted by the AiResearch Manufacturing Company, a divi-
sion of The Garxett Ccrporation, during the period of June 1,
1969, to December 31, 1959.

Mr. David Cale was the technical representative for USAAVLABS.

The responsibility of the coc-authors was as delineated below.
Mr. R. C. Pampreen, senior engineering specialist, served as
the principal aerodynamic investigator and performed the
compressor preliminary design and matching computaticas,

Mr. P. A. Firman, senior engineering specialist, served as
an aerodynamic investigator and performed the engine cycle
studies. Mzr. J. R. Erwin supervised the aerodynamic activi-
ties and performed the iniet guide vane analysis. Mr. R. E,
Dawson, assistant project engineer, served as the prcgram
manager.

The authors wish to acknowledge the follcwing AiResearch
personnel:

Mr. F. Weber, project engineer, who contributed direc-
tion and support to the program as supervisor of
advanced technology, Aircraft Propulsion Engines.

Mr. R. O. Bullock, chief of Aero/Thermo, whe con-
tributed guidance and support to the program.

Mr. J. G. Castor, project engineer, who contributed
direction and support during the £final phases of the
program.




TABLE OF CONTENTS

ABSTRACT e ® & &6 5 e e e ® o o & ® & & &6 & o & ° & o s iii

F OREWORD L] Ld - L] e o . L 3 . . L] . » . - L J . . [ 3 . < - . v

.
L]
L]
L
L ]
L]
"
>
]
L]
.
v
L]
L[]
.
.
s

LIST OF ILLUSTRATIONS
LISTOFTABLES....ooooooooooo.oooo XVi

LIST OF SYMBOLS o ¢ o o s o o o o o o o 5 ¢« » o o « oxviii

1. INTRODIK:TION . - - L] - L] L] L 3 - L - - L ] L] * o L] L 3 l
lbl General L d L ] L ] > L d L L] *® * * L 2 L ] * - -« L J L 3 L ] 1
1.2 Assmﬁed Engine e @ 8 ® @« © e ® ® o ® o o » o 1
1.3 Prograln Logic e » &€ € ® ®© ® ® o e o & o o 3 l

1,3.1 Task IA - Engine Cycle Analysis,

Tentative e ®© o o ®» © & &8 o o o ¢ s 2
1.3.2 Task IIA - Compressor Design and

Matching, Tentative « ¢ ¢« « = « « .« & Z
1.3.3 Task IB - Engine Cycle Anaiysis » . - 2
1.3.4 Task IIB - Compressor Design

and Matching L ] * L ] [ ] - - -~ - * L] -* - 2
1.3.5 Task 1II - Compressor Performance

Predictions » L ] - * L] L J * L 4 - L4 - L ] ] 2
1.3.6 Task IV - Engine Performance

Predictions « o« ¢« ¢ ¢ o o o o o o o o 3

2. TASK XA, ENGINE CYCLE ANALYSIS (TENTATIVE) . . . 4
2.1 General > - L J L J * - > L] L d L . o L ] L] L] - * L 4
2.2 Design~Point Cycle Assumptions . « « « o« » o« 4

2.2.1 Compressor Performance Estimates
(Des-lgn‘POint). ® e & o @& o & & s s o 4
2.2.1.1 Single-Stage Axial

CONMPreSSOLSE o« o o o o o » o 7
2.2.1.2 Two~-Stage Axial

COMPrEeSS0TS 4+ « o o o o o « 9
2.2.1,3 Single-Stage Centrifugal

COMPreSSCErS &« o « o o o o o S

vii




TABLE OF CONTENTS (Contd)

2.2.1.4 Multistage Axial-Centrifugal

COMPIESSOLS « o o o o s o o

2.2.2 Tentative Compressor Selection,
Ah +CVersus & +C . & ¢ ¢ o o o o »

2 . 3 Desj.gn-'POint AnalYSiS . L . ' 3 - . - » . .

2.4 Off-Design Cycle Assumptions . . . . . . . .

2 .5 Off-Design Anal}’SiS » . 3 - - o . '3 * - L3 *
TASK IIA, PREI-IMINARY DESIGN AND MATCHING

(TENTATIVE) . . . . .
3.1 General . . . .

- . . . g . [ . L] . . . . L]

- . e . . . . . . . L] . L] .

3.2 Preliminary Design of Axial and Centrifugal

Compressors . .

. [ . L] . - . e 3 . . - . 3

3.2.1 Two-Stage Axial Compresscr Design,
PG/PI = 2.02:1 ® 3 o 2 o @ o o o o o

3.2.2 Centrifugal Compressor Design,
P‘/PS = 5.1:1 . » » - . * ) - > ) . .

3.3 Compressor Matching Studies, AA + C,
P4/P1=905=l.ooh.oo‘ooo-;.oo

3.2.1 1Initial Studies . ., . . . .
3.3.2 Evaluation of Matching Schemes .

3.3.2,1
3.3.2.2
3.3.2.3

3.3.2.8

Single Spool, AAFG + CFG . .
€ingle Spool, AAFG + CVDV . .
Single Spool, AAFG + CVIGV, .
Single Spool, AAVIGV + CFG. .
Single Spocl, AAVIGV + CVIGV.

Single Spool, AAVIGV + C
(VIGV + VDV). ¢ . . . . .

Twia Spool, AAFG + CFG .

L] L)

Selection of Matching Scheme.

3.4 Compressor Design and Matching, AAVIGV + CFG,

P‘/Pl = 13.5:1

L] Ld - L d L d [ 4 - > L] L] L - L] L d L ]

3.5 Compressor Design and Matching, AAVIGV + CFG,

P./P; = 11.5:1

TASK IB, ENGINE CYCLE ANALYSIS . o « o . .

4.1 General . . . .

4.2 Cycle Assumptions « 5, ¢« ¢ ¢ o o o o »

> > > * - L4 L L L 4 L] L 4 L] L3 * L]

L L3 - - L4 L J - L ] L J L] L3 . * L 4 [ 2

viii

30

38
38
44
46
51
52
61
69

74
81
86

87

88

93
93

v

dindiuie




TABLE OF COKNTENTS (Contd)

4.3 Compressor Matching Studies,
P‘/Pl = 9.5:1 » L d . - * - L4 » - . » . - L * . - 93

4.4 Selection of Optimum Cycle Pressure Ratio . . . 97
4.5 Estimated Engine Operating Line . . . . . . . . o8

5. TASK IIB, COMPRESSOR DESIGN AND MATCHING . . . . . . 103
5.1 General . . . . ¢ ¢ 4 v 4 e ¢ o o 4 o 4 e e« « o 103

5.2 Aerodynamic Design and Matching,
AAVIGV + CFG (P¢/P; = 10.5:1) « « - « « « . . . 103

5.2.1 Two-Stage Axial Compressor Matching . . 104
5.2.2 Preswirl Angle Estimation . . . . . . . 105

5.2.3 Two-Stage Axial Compressor Design
(P3/P; = 2.05:1) - « o ¢« o « o « = &« « « 107

5.2.4 Centrifugal Compresscr Design
(P‘/Pa = Sol:l)f . o . . . - . - . - g » lll

5.2.5 Conmpressor Matching . . . . . . . . . . 1li4

5.2.6 Engine Conceptual Design
Considerations . ., . . . . . . . . ., . 115

5.3 <Cycle Considerations for A + C
COmMPIESSOY . . ¢ & o o o o 2 o« o o & « =« « « « 116

5.3.1 Aerodynamic Design Requirements,
A +CCOMmPreSSOr o« + « « o » « »« - o« - » 1ll6

53.3.1.1 Validation Analyses for A + C
Compressor, P./P, = 10.5:1 . . 117

5.3.2 Matching Scheme, A + C Compressor . . . 117

5.4 Aerodynamic Design and Matching, AVIGV + CFG
(P‘/PI = ].0;5:1). L] . . . . . . . . . . L4 rd . . 120

5.4.1 Preswirl Angle Estimation . . . . . . . 120

5.4.2 Single-Stage Axial Compressor
Design (pP3/P, = t.48). . . . . . . . . . 1z

5.4.3 Centrifugal Compressor Design
(Pk/Pa = 7.1:1). o . . . . . - . - . . P 121

5.4.4 Compressor Matching, AVIGV + CFG . . . . 124
5.5 Conceptual Design of Compressor and Engine . . 124

5.5.1 Mechanical 2Rnalyses for Compressor
ROtor s L4 L] L d * - * * L 4 L 4 L . - L d - > - o 12 9

ix

M




TABLE OF CONTENTS (Contd)

Page

5.5.2 Hechanical Analyses for Engine
Sha ft ing * [ ] * L] L ] - L] * L] * * L] > o L] * 12 9

6. TASK IiI, COMPRESSOR PERFOKAANCE PREDICTION . . . . 137

6. l Data Display. L) L3 - . . - L] . . - . L L] . - L] . 137

6.2 DiSCUSSiOn - - . . . . - L3 . - - . - . . . . L] 137

7. TASK IV, ENGINE PERFORMANCE PR:ZDICTION . . . . . . . 150

7ol GoNEXAL 4 4 4 o o o o o o o o o s o o o o o« o o 150
7.2 Calculation Procedure . « « o o ¢ o o o o « o o 150
7.3 Overall Compressor Performance . . . . . o . . 151
7.4 Gasifier Turbine Performance . . . . « « « - » 151
7.5 Power Turbine Performance . . « « » « « o » » o 152

7.6 Engine PerformanCe . ¢ « « o o o o o e o o o o 152
8. CONCLUSICNS AND RECOMMENDATIONS . o ¢ ¢ « o o o« « o« 155

8.1 General . » - - L) L J . - * L] o - * L] * - - * [ ] * 155
£.2 CONCLUSIONS o o o o o o o o o o o s o 2 e o o« o 155

8.3 Recommendations .« . o« « 5 o « o o o » o o« o » o« 187

2. LITERATURE CITED . . . . ¢ &« « v o &« « o« « o« « « .« . 158

APPENDIX I -- CYCLE ASSUMPTIONS FOR ENGINE
DESIGN-POINT ANALYSIS . ¢ « = o« « « « . 159

APPENDIX II ~—~ CVYCLE ASSUMPTIONS FOR ENGINE
OFF-DESIGN ANALYSIS . &+ v« ¢ o « « « « o 161

APPENDIX III -~ ENGINE CYCLE RELATIONSHiPS . . . . . . 167
APPENDIA IV —— INLET GUIDE VANE ANALYSIS . . . . . . . 181

DszBUTION g . . . - . - . . . * - o . . . - . - . - - 183




Figure

1

2

(e}

11

12

LIST OF ILLUSTRATIONS

Program Logic Diagram . ¢ o o s o o o « o o o

Single-Stage Axial Compressor
Efficiency Estimates . ¢ 5 s o » o = o o o « o

Two-Stage Axial Compressor
Efficiency Estimates . o 4 ¢ o o o ¢ o o o o «

Single-Stage Centrifugal Compressor
bolytropic Bfficiency Estimates . . . « » « &

Variation of Overall Efficiency

and Work Split for Two-Stage

Exial Plus Single-Stage Centrifugal
Compressor, Current TechnoloyY . o« o « o o =

Single-Stage Axial Plus Single-Stage
Centrifugal Compressor Efficiency Estimates .

Two-Stage Axiai Plus Single-Stage Centrifugal
Compressor Efficiency Estimates , ¢« ¢ o o - o«

Design-Point Engine Performance,
C-Percent Cocling Flow . . . . . . . . . « « .

Design-Point Engine Performance,
3-Parcent Ccoling Flow . . . . . . . . « « « .

Design-Point Engine Performance,
6-Parcent Ccoling Flow . . « . « ¢« « « « « « &

Design-Point Engine Performance,
9-Pexrcent Cooling Flow . . . . . . . . . . . .

Engine Off-Design Performance: Speed
ané¢ Ficw Versus Design Pressure Ratio . . . .

Engine Off-Design Performance: Pressure
Ratio Versus Design Pressure Ratio . . . . . .

Engine Off-Design Performance: Turbine
Inlet Temperature and Specific Fuel
Consumption Versus Design Pressure Ratio . . .

15

17

i3

22

23

24

25

28

29

3¢

[T

L Y




17

1g

19

20

21

22

24

LIST OF ILLUSTRATIONS (Contdj

Engine Operating Lines
(Tentative Compressor Reguireme=ts) . . « . »

Design Study for Centrifugal Stage
of 9,5:1-Pressure-Ratic Comprassor:
Blade Exit Angle, Stage £fficiency,
and Diffusion Factor « o ¢ o ¢ ¢ ¢ o ¢ o = o »

Decsign Study for Centrifugal Stage

of 9.5:1-Pressure-Ratio Compressor:

Clearance Loss, Rotor Tip Radius, and

Rotor Bxit Width . o o ¢ o ¢ o o« e o o o o « &

Illustration of Match Points on
CompresSsSOor MAPS .+ o « o ¢ o o o « o o o o o o

Estimated Performance Characteristics,
Two-Stage Axial Plus Centrifugal Compressor
(Includes No Efficiency Degradation),

AAFG + CFG L ) L ] [ L] - * L Ll L J L J L J L 3 * L] L d Ld L J -

Estimated Performance Characteristics,
Two~Stage Axial Plus Centrifugal Compressor
{Inciudes No Efficiency Degracation Due
tOCVDV'S),ARFG-*-CVDV ¢ e & o o A o & o =

Estimated Perifcrmance Characteristics,
Two-Stage Axial Plus Centrifugal Compressor
{No Bfficiency Degradaticn Due to CVIGV),
AAFG'*'C\’IGV...O........O‘..’
Estimated Performance Characteristics,
Two-~Stage Axial Plus Centrifugal Compressor
ncludes Efficiency Degradation Due toc CVIGV),
AAFG."CVIGV........‘.‘.U....
Estimated Performance Characteristics,
Two-Stage Axial Plus Centrifugal Compressor
{(Includes No Efficiency Degradation Due

to BAVIGV), BAVIGV + CFG v o « o « « o o » o &

Estimated Performance Characteristics,
Two-Stage Axial Plus Centrifugal Compressor

(Includes Efficiency Degradation Due to AAVIGV),
AAVIGV + CFG ¢ ¢ ¢ ¢ s o o o« o o o o »

xii

37

39

41

47

53

59

63

67




Fiqure

25

28

29

30

31

33

34

LIST OF ILLUSTRATIORS {Contd)

Estimated Performance Characteristics,
Two-Stage Axial Plus Centrifugal Compressor
(Iincludes No Efficiency Degradation Due to
ARVIGV and CVIGV), AAVIGV + CViGV . . . . .

Estimated Performance Characteristics,
Two-Stage Axial Plus Centrifugal Compressor
{Includes Efficiency Degradation Due %o
AAVIGV and CVIGV), AAVIGV + CVIGV . o « + o«

Estimated Performance Characteristics,
Two-Stage Axial Plus Centrifugal Compressoxr
(Includes Efficiency Degradation Due to
AAVIGV + CVIGVj, AAVIGV + CVIGV + CVDV . . .

Estimated Performance Characteristics,
Two-Stage Axial Plus Centrifugal Compressor,
(Includes No Efficiency Degradationj,
TwinSpool—A?xPG-i-CFG ® o ¢ © o & o & o o

Estimated Performance Characteristics,
Two-Stage Axial Plus Centrifugal Compressor.
Design-Point Overall Pressure Ratio = 10.5
{Nec Efficiency Degradation Due to AAVIGV),
AAVIG:J + CPG - [ ] - [ ] - L J * L d L J L -* * E d L d L -

Estimated Performance Characteristics,
Two-Stage Axial Plus Centrifugal Compressor.
Design-Point Overall Pressure Ratio = 11.5
{No Efficiency Degradation Due to AAVIGY).
AAVI G’J + CFG L d - - L - - - * L J L ] - L L L d - -

Engine Off-Design Performance:

Specific Fuel Consumption and

Turbine Inlet Temperature Verzus

Design Pressure RAtio , & ¢ ¢ ¢ o« o « o o @

Engine Operating Line
{Tentative Compressor Requirements), . . . .

Pressure-Ratio/Flow-Ratio Chaxacteristics
for Various Zmounts of Preswirl ., . . .

First-Stage Stator Hub Inlet
Vector Diagram COmMPATiSON . 5 « e « o o ¢ o

xiii

79

83

89

R | Y P © W T TN S

e




LIST OF ILLUSTRATIONS (Contd)

Figure Page

35 Compressor Flow Path, Two-Stage Axial

Plus Centrifugal Compressor, AAVIGV + CFG¢ , . 113
36 Idealized Compressor Map, Nondimensionalized

From A + c Data L L 4 * L J L 4 L J L ] - * L J L 4 * * - L 4 lla
37 Engine Off-Design Performance: Comparison

With A + C and 2A + C COMPressors . . « « « « 119
38 Compressor Flow Path, Single-Stage

Axial Plus Centrifugal Compressor,

A"IGV + CFG L ] L L ] - - > « * L J * - - L ] * L ] L ] < 123
39 Engine Conceptual Layout o+ ¢« o o o o o s o o o 127
40 Elemental Model of Axial and Centxrifugal

coinpressgr ROtors . L 4 L L J R ] ] L 2 > - - * > L 4 L d 130
41 Power-Shatt Dynamic AnalysisS . ¢« o« o =« « » » o 133
42 Power-Shaft Radial Spline 2nd Bearing Loads . 135
43 Compressor Flow Path,Single-Stage Axial

Plus Centrifugal Compressor, AVIGV + CFG . . . 138
44 Bstimated Performance Characteristics,

Cne-Stage Axial Plus Centrifugal Compressor,

AVIGV + CE"S. L L ] L * L ® - L ] . a - L ] * L J - - L 139
45 Compressor Vector Diagrams,

3O—Percentpo.w3r.¢ooooocoooo.o.141
49 Compressor Vector Diagrams,

60-Percent POWEL ¢ « « o ¢ o« ¢« o« o o o « o« » » 143
47 Compressor Vector Diagrams,

IOO-PercentPOweI 2 ¢ © © 8 ®© 6 o ® ® & o o o 145
48 Compressor Map COmparison « « e s « = « « « o 148
49 Engine Performance Parametric Plots ., . . . . 153
50 Turbine Design-Point Efficiency Versus

Engine Cycle Pressure Ratio . . . . . . ., ., . 160

xiv




LIST OF ILLUSTRATIONS (Concluded)

Figure Page
51 Gasifier Turbine Map . « o« o o o ¢ = o o « o« « 162
52 Power TUrbine Map . o « o o o o » o« o o o « o 163

53 Idealized Compressor Map,
Nondimensionalized From AA 4 C Data.

54 Combustion Efficiency Map,
Nondimensionalized . . &« o ¢ o o« « o« o o « = o 166
55 Typical Turbine Efficiency/

Pressure-Ratio Characteristic . . .. . . . . 169

56 Variation of the Ratio ¢ - Power
Turbine Work Ratio at Ty = 20G0°F
to Work Ratio at T; = X With
Design Point Turbine Inlet

Temperature for 1609°F < x < 220C°F , ., ., . , 179

M e Abea.




LIST OF TABLES

TABI.E Page
1 Qualitative Comparison of Axial-Centrifugal
Compressore, AA + C Versus A +C . . . . . « 16
N 11 Compariscn of Compressor Performance
(A +CVersus BA + C] ¢ v 2 o o« o o« o = o @ 34
11T AAPG + CPG COMPIeSSOr . . © o o o o 2 o o « 50
v AAFG + CFG Compressor f[Reduced Tg) . . . . . 50
v AAFG + CVDV COMPYESSOL & « ¢ o « o o o o o « 52
\'2 1 AAFG + CVIGV Compressor (qc =g, DESIGN) . 56
Vil AAFG + CVIGV Compressor
{nge = 0-945 nee, pesien for CVIGV # 0°) . . 61
VIIX AAVIGV + CFG Compressor (nc = ng, DESIGN) * 65
X AAVIGV + CFG Compresscr
-— (-]
(ax = 9-945 mpy  pesieN for AAVIGV # 0°) . 69
X AAVIGV + CVIGV Compressor (nc = Ic, DESIGN)‘ 73
X1 AAVIGV + CVIGV Compressox (nAX-CC =
Q
0.945 NAX-cC, DESIGN for AAVIGV +
CVIGV # OO) » - - - Ll * * - o - ] - . 74
X1t AAVIGV + C({VIGV + VDV) Cocmpressor
nax-cc = 9-343 Max_cc, pesicw
for AAVIGV, CVIGV, and CVDV # 0°) . . . .. 78
X111 Twin--Spool Compressor. AAFG + CPG
Mgpr = TiLpr = T, DESIGN'. . . . . . . . . 82
XIv Twin-Spool Compressor, AAPG + CFG

(Mgpe = Ngr, pesien’ et = 9-9% Ngr, pesien’ 85

Xv Engine Cycle Data (Calculated) Zompressor

tching Studies s o o e o o o o 5> o o o 95




TABLE

XVili

RVIII

LIST OF TABLES (Contd)

Engine Cycle Data {(Calculated) Cycle Pressure-~
Rat i o st udy > - - * L] L4 L L 4 L d < L3 - . L L d L] L
Summary of Design Matching Results

(AA\’IGV) - * - L3 Ld L 4 - - - Ld L] L d - L d Ll L3 L d Ll

Berodyanmic Data Summary for Two-Stage
Axial COMPreSSOr . &+ ¢ o o o o o o o + o o o
Aerodynamic Data Summary fcr a Centriiugal
Compressor Designed To Match With a ‘wo-
Stage Axial Compressor . . o . « ¢ o + o o .

Aercdynamic Data Summary for COne-Stage
AXial COMPreSSOr .+ « « o « o o o o o o o o

Aerodynamic Data Summary for Centrifugal
Compressor Designed To Match With One-
Stage Axial COmMPressor . . « - « 2 o o « «

Engine Cycle Data (Calculated), AVIGV + CFG
Ccmpressor Matching Results . . . . . , . . 3

Mechanical Analysis for Ccmpressor Rotcors . .

Mechanical Analysis Data for Selected
Elements of Compressor Rotors ., . . . . . . .

xvii

Page

89

105

112

114

122

124

125
131

132




LIST OF SYMBQLS

A - area, sq ft
C - constant of proportionality
C, - specific heat at constant pressure, Btu per 1lb per °R

gravitational acceleration, ft per sec?

LY
[

o2
!

static enthalipy, Btu per 1b

H - stagnation enthalpy, Btu per l1b
AB - actual enthalpy rise, Btu per 1b
AH' - ideal enthalpy rise, Btu per 1lb
J - mechanical equivalent of heat, ft~1lb per Btu
K -~ work coefficient
N - rotational speed, rpm
N, - nggéfi;eipzzgilgif definition (rev per min)

N; - speg%fic speed, new definition (rev per min)
(£t per sect /3)=

o~
i

total pressure, 1lb per sq ft
- static pressure, 1t per sq ft

volume flow rate, cu ft per sec

I © B
|

- radius, £t

n
!

entropy, Btu per lb per °R

ct
|

static temperature, °R
T? - temperature for ideal enthalpy rise, °R

T - total temperature, °R

*The aimension of specific speed is a result of the mass unit
for 4H per 1lb being pounds weight instead of slugs. If slug
mass units were used, specific speed would be dimensionless,

xviii




LIST OF SYMBOLS {Contd)

U - peripheral velocity, £t per sec
V - absolute velocity, ft per sec
W - flow rate, 1b per sec
W' - relative velocity, £t per sec

g - preswirl angle, deg

{a

B - relative air angle, deg

<
|

ratio of specific heat, CP/Cv
5 - P/Py

Ne — compressor adiabatic efficiency
Np = turbine adiabatic efficiency

np - polytropic efficiency based on stagnation properties

q§ -~ polytropic efficiency based on static properties

Ngp ~— Compressox polytropic efficiency
Npp — turbine polytropic efficiency

1 - blockage

u — slip factor
p!' - density, slugs per cu ft

p - sSpecific weight, 1lbh per cu ft

Subscripts

100 - 108¥ power L - leakage
60 - S0% power LEF - low-pressure spool
30 -~ 30% povwer PT - power turbire
20 ~ 204 power r ~ radial directicn
scc -~ acoessoxy s - static
AX - axial compresscr st; - ztage cne
C ~ compressor stz -~ stage two
€C -- gentrifuzal compresscr T - tugkipe
DP - #ssign point t - total | )
C? -~ ogasizier turbize z - a#xial direction .
HP - high~pressuxe spocl 8 - tangential Zirection
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1. INTRODUCTION

1.1 GENERAL

This report describes the work accomplished and the analytical
results achieved on a small ax..al-centrifugal compressor
matching study program. This matching program was con-
ducted to achieve a useful combination of advanced axial-
centrifugal compressor stages for maximum efficiency operation
at conditions representing engine part load. The analyticsl
results of this program as reported herein better define the
nature of the axial-centrifugal ccmpressor matching preblen,
identify promising matching schemes. and determine the optimum
cycle parameters for an assumed engine.

1.2 ASSUMED ENGINE

To provide a basis for this matching study, an engine was de-
fined ané can be summarized as a front-drive turboshaft engine,
with advanced components reflecting performance levels con-
siGered to be achievable within a 3-year development period.
The engine was sized for 3-pound-per-second airflow, and the
turbine inlet temperature for 160-percent power was selected
to be 2509°F. The turbine employs fixed geometry and includes
an air-cooled gasifier section ané a free-power-turbine
section. All engine compocnents, including the axial/
centrifugal compressors, were configured to achieve minimum
specific fuel consumption for 69-percent power {first pri-
ority) and 30-percent power {secoad priority).

1.3 PRGGRAM LOGIC

This program has been conducted in four tasks, I through i%.
Tasks I and II inciuded major efforts of an iterative nature
for tentative analyses, A, and for final analyses, B, for a
total of six major program activities. These program activi-
ties wera conducted and are repocrted as outlined below and as
shown on the program logic diagram, Figuve 1.

TASK IA - ENGINE CYCLE ANALYSIS - TENTATIVE

TASK IIA - COMPRESSOR DESIGN AND MATCEING - TENTATIVE
TASK IB - ENGINE CYCLE ANALYSIS

TASK IIB - COMPRESSOR DESIGN AND MATCHING

TASK III - COMPRESSOR PERFORMANCE PREDICTION

TASK IV - ENGINE PERFORMANCE PREDICTION

A brief description of these tasks is presented irn the
following subparagraphs.




1.3.1 Task IA - Engine Cycle Analysis, Tentatiwve

Design-point cycle assumpticns, including axial-centrifugal
compressor efficiencies, were projected 3 years. Design-point
analysis was conducted and selection was made for off-design
analyses (P,/P, at 60-percent power = 9:1, 10:1, 11:1, 12:1,
12:1, and 14:1).

An idealized compressor map and component maps were estimated.
Off-design analyses were conducted. Design-point pressure
ratios were tentatively selected tc be 9.5:1, 10.5:1, and
11.5:1. Compressor cycle requirements were estimated for
these cases.

1.3.2 7Task IIA - Compressor Design and Matching, Tentative

Aerodynamic design and compressor matching studies were con-
ducted for 9.5:1 two-stage axial (AA) and single-stage cen-
trifugal compressors (C). Seven matching combinations were
compared, and the best was tentatively selected to be a single-
spool compressor (SS) with variable inlet guide vanes (VIGV)
for axial compressor and fixed geometry (FG) for a centrifugal
compressor (RAVIGV + CFG). Aerodynamic design and compressor
matching were conducted for 10.5:1 and 11.5:1 compressors with
the selected AAVIGV + CFG matching combination.

1.3.3 Task IB - Engine Cycle Arnalysis

Engine cycle analysis was congucted based on cycle assumptions
from Task IA, except tha* compressor performance is from Task
IJA. Optimum design-point pressure ratio was selected to be
P./P; = 10.5:1 and compressor cycle requirements were esti-
mated.

1.3.4 Task IIB - Compressor Design and Matching

Pursuant to the design of the selected compressor {AAVIGV +
CFG, P./2, at 60-percent power = 10.5:1), initial iterations
were ccnducted te establish the aerodynamic design, matching,
and mechanical configuration. Based on the results of these
initial design iterations,a cGesign redirection was determined
to finalize the design of an AVIGV + CFG compresscr (P,/P, at
60~percent power = 10.5:1).

1.3.5 Task III - Compressor Performance Predictions

Compressor performance precCictions for the final compresscr
are displayed; axial and centrifugal tip-velocity triangles
are shown for 30-, 60~, and 100-percent-power points.




1.3.6 Task IV ~ Engine Performance Predictions

Pngine cycle analysiz was conducted based on cycle assumptions
from Task IA and final compressor design (P,/P, = 10.5, AVICV
+ CFG). Data are displayed as listed in Figure 1.
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2. TASK IA, ENGINE T7/CLE ANALYSIS (TENTATIVE)

2.1 GENERAL

Engine cycle analyses were conducted to select the best com-
bination of cycle pressure ratio and turbine inlet temperature
for minimum SFC at the 60-percent-power (first priority) and
3C-percent-power (second priority) points. Analysgs in?luded
design and off-design operation for an assumed engine with
advanced components.

The engine configuration selected for study was a front-drive
turboshaft engine with a free turbine. FPixed turbine geometry
was assumed. The engine was sized for 3.0 pounds per second
airficw at the 60-percent-power point designatsd for this
study as the design point. The 100-percent-power point was
defined for operation at 2500°F turbine inlet temperature
{TIT).

2.2 DESIGN-POINT CYCLE ASSUMPTIONS

Design-point cycle assumptions were estimated to refiect ad-
vanced technology achievable within a 3-year development
perisc.

Conponent and overall compressor performance estimates for

design-point operatiocn were made as reported in Paragraph

2.2.1. All other cycle assumptions were made as summarized

in Appendix I of this report. "ogether, these estimates

form the basis of the design-point. anaiyses conducted for
is program.

2.2.1 Cc==zessor pParformance Bstimates [Design-Point}

Overall compressor efficiency astimates were made based r
current technology ané con advanced technology projection
considered to be achievable within a 3-year develcpment
period. This study was completed for the two multistage
compressor configurations of interest in this program--a
single-stage axial plus single-stage centrifugal configura-
tion, and a two-stage axial Plus single-stage centrifugal
configuration. The component performance estimates are
based on examination of test data and advanced techrology
projecticns for single-stage axial, two-stage axial, and
single-stage centrifugal compressors, as reported in tle
following subparazgraphs. The overall compressor efficiency
levels are based on the axial and centrifugal compressor
predictions, with optimum matching assumed for peak efficiency
operation of all compressor stages for all design-peoint
pressure ratios considered.
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2.2.1.1 Singie-Stage Axial Compressors

The data for nine single-stage axial compressors examined
included stage efficiency, pressure ratio, =surge margin,
and tip speed as displayed in Figure 2. The data in-
ciuded maximum efficiencies observed at design speed and
at some off-design speeds as noted, The data displayed
were reported from 1961 through 1968 and include the
results of the advanced technology compressor developed
under contract to USAAVLABS ané reported in Reference 1.

Figure 2 contains the values of efficiency versus pres-
sure ratio and surge margin versrs tip speed for the
various data and dispiays the current and projected
efficiency levels versus pressure ratio, The envelope
of the data is used to define desaign-point efficiency
levels for current technologv.

Por axial compressors used to supercharge centrifugzl
ccmpressors, efficiency increases over the current
ievel indicatad in Pigqure 2 will probably come from
loss reductions at supersconic Mach numiers and at high
diffusion factors, As tip speed is increased to ac-
commodate present D-factor limits, the rotor hub/tip
ratio increases. This increase in hub-tip ratio is
limited by the amount of interstage duct distortion
between the axial and centrifugal stages. As a con-
seguence, rotor tip and rotor and stator hub D-factor
limits must be met with increasing blade number and/or
chord length as singie-stage pressure ratio increases.
Either approach increases wetted area and wake sizes.
As chord length increases, blade aspact ratio decreases.
This is a direction toward decreased efficiency.
Limiting the increase in hub/tip ratio results in

iower rotor tip speeds than might otherwise be chosen,
but tip relative Mach numbers of 1.5 or cver will still

have to be accepted at stage pressure ratios from 2.5
to 3.0.

A 3-year efficiency improvement line has been prcjected
as shown in Figure 2. Ko sfficiency gain is expected

at single-stage pressure Tatios of 1.7:1 or lower. The
greatest improvament is expected at pressure ratios
greater than 2.$:1, where Mach-number and D-factor limits
are taxed the most, Benefits will more probabiy be

SR AUV
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derived frcm extending Mach-number/D-factor limits than
from reducing minimum loss. Some success has been shown
with tancein cascades in extending the D-£factor limit.
Now supersenic blade sections and new design approaches
coulG possibly be conceived to reduce shock losses.

2.2.1.2 Two~-Stage Axial Compressors

Test data were examined for five two-stage axial com-
pressors and included stage efficiency, pressure ratio,
surge maxrgin, and tip speed as displayed in Figure 3.
The data for the two-stage axial compressors included
maximum efficiencies observed at desian speed and at
some off-design speeds as noted.

Pigure 3 displays the values of efficiency versus pres-
sure ratio and surge margin versus tip speed for the
various data and displays the current and projected
efficiency levels versus pressure ratio. The envelope
of the data points is used to define design-point ef-
ficiency levels for current technology.

The two-stage axial compressor efficiency levels pro-
jected for advanced technology, achievable within a
3-year period,are not expected to change. The two-
stage axial compressor consists of stages with indi-
vidual pressure ratios from 1.5 to 2.0, Little im-
provement in single-stage efficiency level is expected
in this range, as reported above. The gain for the
two-stage compressor is expected tc come from improved
matching to achieve the current efficiency levels with
increased surge margin for the peak efficiency operating
points.

2.2.1.3 Single-Stage Centrifugal Compressors

Test data were examined for various single-stage cen-
trifugal compressors as obtained from 32 separate
tests. The data included the results of the advanced
technology comprasscrs developed under contract to
USAAVLABS and reported in Reference 2,

Figure 4 displays the values of polytropic efficiency
versus specific speed, Because of the wide range of
possible design-point pressure ratios (5:1 to 10:1),
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polytropic efficiency is a better reference of the
state of the art than is adiabatic efficiency, since
it is more indicative of aerodynamic losses. Spacific
speed has been chosen as the independent variable,
since centrifugal compressor efficiency depends on
rotational speed and flow rate as well as pressure
ratio. The envelope of the data points is u.=2d4 to
define design-point efficiency levels for -urrent
technology. This envelope is partially determined by
the USAAVLARS advanced technology compressor data, as
noted in Figure 4, for specific speeds up to 50 (N;*).

Advanced technology efficiency levels are also shown
in Figure 4. These efficiency levels are expected to
be achieved by minimizing the rotor and vaneless dif-
fuser combined loss.

Polytropic efficiency has been used since it is a
direct measure of fluid mechanic losses. Adiabatic
efficiency rates the work done by the compressor to

an equivalent isentropic process. This is not a
measure of fluid mechanic losses, but only an indica-
tion that they exist, From the simple energy equation,

Pelytropic efficiency is defined from static properties
as follows:

1
....dp
n = £ 2)

However, stagnation properties are widely used to
evaluate the pelytropic efficiencies of compressors.
Adding the change in kinetic energy to both sides of
the simple energy eguation,

2
\Gp + d = (3)

< _‘ﬁ— = + .&..]—'
dh +d 5 = dBe = tds -+ 5 5

Polytropic efficiency based on stagnation properties
as commonly used for turbomachinery is then

1 v?
_O.'dp + d =

12
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Equation 4 shows that polytropic efficiency is a measure
of change in static pressure and kinetic energy actually
achieved for the thermodynamic energy supplied. A
constant polytropic efficiency over a pressure ratio
range from 5:1 to 10:1 indicates that aerodynamic losses
are proportional to the compressor work. &4 drop in
polytropic efficiency indicates proportiocnately higher
losses as compressor work increases.

As used here, specific speed is defined with the volume
flow represented kv the square root of the product of
the compressor inlet and outlet vclume flow rates,

namely,
—
o=+ . X _ ¥ /o _ X /82 (5)
01 [P F1 92 D1 62

Also, the compressor input head is used instead of the
ocutput head. The full definition, in terms of the
familiar specific speed, is

5 ™ ¥
o e ()7 ()

Ng = Ng (E?LY/4 (‘*c ) (63

82 1

2.2.1.4 Multistage Axial-Centrifugal Compressors

Based on the above studies of current and advanced
compressor stage performance, multistage axial-
centrifugal compressor efficiency estimates were made
for design-point operation. An optimum stage match
for maximum efficiency of the compressor stages was
assumed at all design-point pressure ratios considered
(6:1 through 24:1). Estimates were completed for the
following multistage compressors:

1. Single-stage axial plus centrifugal,
current technology

2. Single-stage axial plus centirifugal,
advanced technclogy

13




3. TIwo-stage axial pius centrifugal,
current technology

4, Two-stage axial plus centrifugal,
advanced technology

vhe overail compressor efficiency was maximized by itera-
tive calculations for assumed work splits between the
avxial and centrifugal components., Calculations were

amade for selected Zesign-point pressure ratios of 6, 12,
18, and 24. Results were plctted to display axial com-
preasor work, centrifugal compressor work, and overall
compresscr efficiency versus axizl compressor pressure
ratio, A typical working plet is shown in Figure 5 for
the gelected design-point pressure ratic of 18:1 and
65,000 rpm. For this case the maximum overall cocmp—-essor
efficiency occurs at an axial compresscr pressure ratio
of 2.27:1. 7This results in 81 percent of the work being
dore in the centrifugal compressor, which shows the
domination of this stage on the overall compressor per-
£ormance characteristics.,

Sincz no single cSmpress3or speed can be selected for the
rroad rance of design-reint preesure raticog being con-
sidered here (6:1 to 24:1), calculzations were made for
speeds of 50,000, 59,663, and 79,000 rpm. These speeds
were selected for thig 3.0-pound-per-second compressor
to bracket the optimum speed that might be selectéd for
any design-point pressure ratio in the range of interest,

Thé results of these calculations based ¢on the single-
stage =xial, two-stage axial, and single-stage centrif-
ugal compresscr estimates reported in the paragraphs
above are digplayed in Figures 6 and 7, and represent
tre design-point compressor performance estimates as
noted.

These results show that the maximum overall compressor
efficiency decreases with increasing pressure ratio for
a given speed, due in part to the resulting dscreases in
centrifuqgal compressor specific speed. For a given
design-poinu pressure ratio, the overall compressor
efficiency is higher for higher speeds because of the

resalting higher specific speed of the centrifugal com-
pressor.

It shculd be noted that increases in the centrifugal
compressor efficiensy levels abov those shown would
effect the optimum work split -o ¢ .crease the pressure
ratio of rhe axial compressor :or raximum overall
compressor efficiency. Simiiarly, increases in the axial

i3
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compressor €f£ficiency levels sbove that shown would
effect an increase in the axial compressor pressure
xatio for maximum overall compressor efficiency.

An effect similar to this is evidenced in Figurer
6 and 7 by observing the reduction in axial com-
pressor work for higher selected rotational speeds.
The higher rotational speeds result in higher
specific speeds and, hence, higher efficiencies
for the centrifugal compressor, thereby affecting
the work gplit toward increased work in the cen-
trifugal compressor.

2.2,2 Tentative Compresgsor Selectian, AA+C Versus A+C

In order to make a tentative melection of one versus two

axial plus centrifugal compresscr configuration, a qualitative
examination was made of the relative merits for the two
approaches, Table I presents a comparison of gsome of the
more important engine parameters,

TABLE I. QUALITATIVE COMPARISON OF AXIAL-CENTRIFUGAL
COMPRESSORE, AA + C VERSUS A + C
e e ———— ————— ;—g
Engine Parameter AA +ClA+C
SFC +
Performance |c *
Pcwer +
Respcnse, polar moment of inertia +
beignt 0 0
Diameter +
anelope mp— N
Peliability (Mecharical) +
Cost ] +
+ = advantage
0 = standoff
- —

1o
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These comparative results show that, based on performance con-
siderations the AA+C combination shows an advantage over the
A+C compressor. Considerations of envelope, reliability, and
cost show an advantage for the A+C covpressor, In order to
achieve a useful compressor with the oest possible perform-
ance, the AA+C compressor configuration was chosen for tenta-
tive evaluaticn. Clearly this is a marginal choice, since

the benefits of the AA+C compressor must be compared against
the length, cost, and simplicity penalties resulting from the
added stage.

This was intended to be a tentative selection, subject to re-
examination as additional information becomes available. Re-
examination of this choice was made as reported in Paragraphs
3.2 and 5.3, and ultimately resulted in the final configura-
ticn of an A+C compressor for this program.

2,3 DESIGN-POINT ANALYSIS

The design-point analysis was conducted based on the cycle
assumptions established to be representative of advanced
engine component performance levels as reported in Para-
graph 2.2 and Appendix I of this report.

Gasifier cocling airflows were treated as a parameter in this
study to better determine the effect of this variable on
engine performance and on selection of optimum design-point
pressure ratioc. Cooling-flow values included in the analysis
were 0, 3, 6, and 9 percent of the compressor airflow.

The design-point analysis was completed for cycle pressure
ratios of 8:1 to 20:1 and for TIT cf 1600°F to 2500°F. The re-
suits are displayed in Figures 8 through 11 ard show the re-
lationship of specific power and SFC versus cycle pressure
-atio for 0-, 3-~, 6-, and S%-percent cooling airfiows, re-
spectively.

These plots show a2 reiatively flat characteristic of SFC
versus comprassor pressure ratic due to gycle, acccunting for
compressor and gasifier turbine efficie y degradation with
increasing cycle pressure ratio. Comparison of Fiqure 11
with Figure 8 shows the effect of 9-percent cocling airflow
on the SFC levels and on the coupressor pressure ratio
selection for minimum SFC. Values for 2100°F operation with
9-percent cooling flow are: minimum SFC = 0.480 at 10.5:1
compared to O-percent cooling flow values of minimum

SFC = 0.448 at 12:1l.
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Since the engire configuration selected far this study is a
free power turk_ne with fixed turbine geometry sized for
2500°F TIT at 100-percent power, it was estimated that 60-per-
cent power wculd be achieved at approximately 2100°F TIT.
Furthermore, it was projected that 9-percent cooling flow for
a gasifier turbine, of the approximate description considered
here, would be achievable within a 3-year develcpment period.
Based on this, a tentative selection for design-point pres-
sure ratio was made for 10.5:1, and a preiiminary target for
SPC was established as 0.4t0 for the case of no desiagn-point
compressor efficiency decgradation due to matching.

These values include only a preliminary acccunting for the
effect of coff-design componenc efficiencies (at 100-percent
power) on the design point TIT, and 10 accounting for the off-
design component efiiciencies on SFZ at 30-percent power
{second priority). Therefore, selection was made of several
design-point pressure ratios to bracket the 10.5:1 choice,
The design-point pressure ratios selected for cff-design
analyses are 9:1, 10:1, 11:1, 12:1, 13:1, and 14:1.

2.4 OQOFF-DESIGR CYCLE ASSUMPTIONS

The engine cycle analysis for off-design performance was
based or advanced ccmponent performance ievels as estimated
for the design-point analysis, reported in Paragraph 2.2, and
on component off-design characteristics as sstimated for this
task and repocrted herein, The component off-design charac-
teristics estimated for this study include nondimensionalized
gasifier and power turkine maps and en idealized compressor
R&pP.

The idealized compressor map inclades no surge or choke limits
but provides a nondimernsionalized schedule of compressor ef-
ficiency ané pressure rise with speed,

These component maps and all other estinated off-design
characteristics are reported in Appendix II of this report
and, along with the design-point cvcle assumptions reported
in Paragraph 2.2, form the basis of the offi-design analysis
reportea in Paragragph 2.5.
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2.5 QFF-DESIGN ANRLYSIS

Engine cycle analyses for off-design performance were con-
ducted for the cases selected from the design-point study.
The selected cases were for design-pcint pressure ratios of
9:1, 10:1, 11:1, 12:3, 13:1, and 14:1. For each selected
design-point pressure ratio, iteration was conducted ts
achieve 2500°F TIT for 100-percent power. The plctted re-
sults are presented in Figures 12, 13, and 14.

Figure 12 shows the relationship of gasifier speed/gasifier
design-pcint speed, and corrected flow versus design-point
pressurz2 ratio. Both are constant for each selected povwer
conditicn as follows:
100-percent power - 108.4-porcent speed - 3,64 1lb per sec
60~percent power - 1CO-percent-speed - 3.0 it per sec
30-percent power -~ 94.0-percent speed - 2,35 1ib per sec
20-percent power -~ 88.4-percent speed - 2,09 1b per sec
Figure 13 shows the relationship of pressure ratio versus

design-point pressure ratic for each selected power condition,
as follows:

1CO0-percent power {P</Pi)i1cc = 1.31 (P./P;)

Lp

60-percent power - (P¢/P;lgo = 1.00 (P,/P;}

bp

30-percent power - (P;/Fy)ze = G.735 {P¢/P,}

Dp
2C0-percent power - (P;/Pi)ao

0.57 (P‘/Pz)DP
Figure 14 shows the relatiouship cof TIT (°P)} ané of SFC to
desion-point pressure ratic. Inspection of this figure shows
that the minimum SFC for 60-percent power occurs at a design-
point pressure ratio of 19.75:1. Further, the minimum SFC
for 30-percent power (seccnd pricrity) occurs at a design-
point pressure ratis of 10.0:1. Based on this and the
relatively flat characteristic of the SFC for &0-percant vower
near the minimum value, a design-point pressure ratio of
10.5:1 was tentatively s2l¢ :ted.
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Cleariy, this selection, based on the preliminary data of this
phase, is subject to uncertainty due to approximations that
are inherent in the idealized compressor map. For this rea-
son, neighbeoring design-point pressure ratios were also
seiected for further study in order to facilitate a firmer
selection cf an optimum design-~point pressure ratio and to
better estimate compressor design requirements for Task IIB.

Final selaction from this phase activity was made for 8.5:1,
10.5:1, and 11.5:1 design-pcint pressure ratios. A plot
showing compressor pressure ratio versus corrected flow for
these three cases is presente@ in Figure 15. These three
preliminary engine operating lines display the compressor
Zesign requirements for the tentative compressocr design and

matching studias of Task IIA.
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3. TASK IJA, PRELIMINARY DESIGN AND MATCHING (TENTATIVE)

3.1 GENERAL

This section presents the results of compresscr preliminary
dcsign and ma*tching studies conducted to select the best com-
pressor combination for the engine cycie identified in Task
IA and discussed in the previous section. Certain relation-
ships batween compressor operation at design speed and power,
and st other oper-~ting conditions, govern important factors
of the compressor matching problem. These relaticns are
derived in Appendix II¥, and their effect on compressor com-
pcnent operation is developed. Seven compressor combinations
are then analyzed and their performance is ccmpared,

3.2 PRELIMINARY DESIGN OF AXIAL AND CENTRIPUGAL COMPRESSORS

Preliminary design was conducted for axial and centrifugal
compressors and was based upon the compressor design require-
ments 4s establiszhed by the tentative engine c;cle analysis
of Task 1r, Section 2.0, and as displaved in Figure 5. These
compressor Gesign reguirements are estimates based on the
idealized compressor map employed in Task IA and on the
s2lectad design-point pressure ratios of 9.5:1, 1¢.5:1, and
11.5:%.

In order tc reaxamine the choice of one versus twe axial plus
centrifugal compressor configurations (refer to Paragraph
2.2.2), a compariscn was made for the selected design-point
pressure ratiss. Results are presented in Table II.

Table II shows that a two-stage axial plus one-stage centrif-
ugal (AA + C} compressor can be expacted to yield a higher
design-point compressor efficiency, by 0.5 to 0.9 point (de-
penéding on the final design~-point pressure ratio), than that
expected from a one-stage axial plus cne-stage centrifugal

(A + C). Furthermore, the off-design compressor efficiency at
100-percent power £or the A% + T cowmpressor versas the 2 - C
compressor can be expected to be 1.0 te 2.0 points highner.
This will yield a2 hicher design-point cycle temperature for
the AA + C compressor for the given constraint of 250G°T (TIT)
at 100-percent power.
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TABLE II, COMPARISON OF COMPRESSOR PERFORMANCE
(A + C VERSUS AA + C)

Design-Point Pressure Ratic
{from Task IA}

9.5 io, ii.5
Axsal Axial Axial
Cem- Com~ Ccm-
ponent iOveralljronent {Overall {ponent |Overall
Descriptisn P /P, e P3/P: e P /Py i
1 Axial + 1
centrifugal 1.46 g8d.8 1.48 7.7 1.50 78.6
2 Axigl + 1
centrifugal 2.6z2 8i.3 2.05 80.4 2.03 79.5
tn. = “C(2 axial}
- .5 - 0.7 - 0.9
T Tc(l axial;

(D

In additicn to the foregeing, gualitative avaluation for
these pressure ratios indicates that the AA + C compressor
{5.1:1 centrifugai stage for 10.5:1 overall) will be smalle
in diameter and slightly lightexr in weight than a shorter
A + C compressor {7.1:1 centrifugal stage for 10.3:1 overalil}

{

-

Bazzed on thnis, the choice for the aa - O compresscr confi
tion was substantiated for these tentatiwvs compresser de
and ma+tching studies,

grther EY. 1ectlon wae made 3t this oo
igﬁ and matc 1ng studies to the ca
ssuze “atlo This case was selecte

:ian of matching schemes, The cases of

were conducte ;ater. based on the matchin

are reported in Parsgraphs 3.4 znd 3.5,

'l” ﬁl- "1
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3.2.1 f%wo-Stage &xial Compresscr Design, P /P; = 2,02:1

The performance characteristics of the twc-stage axial com-
pressor were taken from the data of a reference two-stage
compressor of the GTCP660 engine. The particular compres-
sor selected was chcsen because of the complete knowledge
of its aerodynamic design and its test results. It was
intended that the compressor designed for this task be as
aerodvnamically similar to the reference compressor as
possible. However, the geometry was expected to be dif-
ferent from that of the reference compressor because of
the difference in the design conditions of the two com-
pressors. Conseqguently, before the matching studies of
Task IIA were begun, a preliminary design was performed
for the axial ccompressor. The purpcse of the calculaticn
was to yield a design whese aercdynamic parameters, such
as diffusion-factor anc Mach-number levels, were commen-
surate with those o0f the refsrence compressor or good
design practice, whichever was &applicable.

The design flow of the axial comprassor is 3.9 pounds rer
seccnd, and the rotational speed is 60,0006 rpm. The flow is
a program specification. The rectational speed is a result of
taining a satisfa ctory combination of inlet axial Mach
number, first rotor tip speed, and inlet hub/tip ratio. An
inlet Mach number of 0.55 and a hub/tip ratio of 0.5 were
tentatively selected. The first rotor tip speed was selected
to be close to that of the reference compressor and compatible
with Figure 3 for cood range. This was recconsidered in
Task IIB when the rance requirements became fully defined by
the variable-geometry selection. This flow/speed combination

was different enough from the reference compressor to prevent
a éivect scale.

Another design feature was the specification of zerc rotor hud
exit swirl. This specification was intended to minimize the
éistortion of the transition section between the axial and
cantrifugal stages.

The preliminary design calculation precseded under the assunp-
ion of simpis radial egulllbrlum. Radi: ly constant stagna-
tion enexgy and loss were assumed at each calculation station.
Streamline slope and curvature, entropy gradient, and energy
gradient ars considered in Task IIB. The design =2ffort in

this tasX was to establish thoough this simplified procedure
ihé feasipriity of da2signing under the condition of zero rotor

$ 5 <

hwt exit relative swirl while net exceediry established limits

zf certain sercdynamis criteria, The design rasults showed
reasonable Mach-npumber, air-turning-angle, and diffusion-
factor lew:is.
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3.2.2 Centrifugal Compressor Design, P,/P, = 5.1:1

The centrifugal compressor was designed with a computer-
programmed procedure that determines the rotor and diffuser
geometry. The rotor is designed from empirical correlations
for surge, choke, slip factor, and efficiency for centrifugal
compressors, with arbitrary values cf blade exit angle rela-
tive to the radial direction. Data have been correlated for
blade exit angle up to 42°. The vaneless diffuser uses the
conventional pipe flow analogy with an empirical fri _.ion co-
efficient. The vaned diffuser is treated a2s a cascade and
uses cascade loss and turning-angle correlations to obtain
overall stage performarce.

The design configuration was established through a parametric
study involving several aerodynamic parameters. For a given
rotor exit absolute air angle, the performance correlations
contained in the program provide the variation of blade exit
angle with shroud-line relative velocity ratio. This is %the
ratio of the rotor outlet/inlet relative velocity at the
shroud. At each relative velocity ratio, the vaneless dif-
fuser gap was varied to obtain maximum overall stage effi-
ciency. The variation of maximum efficiency with shroud-line
relative velocity ratio was then obtained for three values of
absolute exit air angle.

The results are summarized in Figure 16. The maximum &ffi-
ciency of the stage increases as the air angle decreases from
75% to 69°. The efficiency variation for each air angle
tends to approach a peak value, but then increases iipearly.
The reason for this is that the design value of impeller effi-
ciency has not been penalized for impeller rear-disk friction.
As blade exit angle increases, the rotor diameter increases
and exit width decreases. The clearance penalty has been
accounted for, but not the increase in disk friction at the
back of the rctor. Consequently, the curves shouid probably
reach a maximumn.

It was believed that 50° of blade angle represents a realistic
advance in the state of the art. This is oniy 8° higher than
the maximum for which data has been accumulated, and the disk
friction cerrection should be small. At 50°, the air-angie
value of 69° has the highest stage efficiency. Lower values
of air angle were not examined, since it appeared that, at 50°
of blade exit angle, the efficiency is close to maximum.

The d_ffusion factor of the second row of the tandem cascade
is shown for reference, since it is the more highly ioaded of
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the ;wo rows. The diffusii.n factor decreases as rotor exit
absclute air angle decreases.

Figure 17 shows the variation of rotor tip radius, rotor exit
width, and clearance efficiency penalty as functions of
shroud-line ralative velocity ratio and absolute exit air
angle. The exit width decreases as the air angle decreases
and, to a lesser degree, as shroud-line relative velocity
ratio increas:s. These give consequent increases in clearance

penalty.

Upon completion of the design, the program uses the geometry
to cvompute the complete performance characteristics from surge
to choke at all speeds of interest. <Correlations are included
in the program for efficiency degradatiocn due to Reynolds
number as well as clearance. Both the design and off-design
calculations account for these influences. Only the clearance
penalty was significant; Reynolds mmber was too high to con-
tribute to loss.

3.3 COMPRESSOR MATCHING STUDIES, BA + C, Pg/P; = 9.5:1

Axial~centrifugal compressor matching studies were conducted
based on tne axial and centrifugal compressor designs con-
ducted for this task and reported in Paragraph 3.2 above.

The detailed preliminary design for these compressors produced
estimated efficiency levels slightly higher than those pre-
dicted in Task IA and produce an overall compressor peak
efficiency (with no degradation for matching; of 0.834.

The objective of these compressor matching studies was to
identify the axial-centrifugal compresscr matching scheme
that would hopefully yield this peak efficiency coincident
with the design operating point (60-percent power) and provide
satisfactory operation over the range of 20- to 10)-percent
power.

3.3.1 Initial Studies

Initial matching attempts were intended to scale the axial
and centrifugal compressors for peak efficiency match at
design flow and employ variable compressor geometry as re-
qguired for off-design surge msrgin anéd off-design efficiency.
However, the matching iterations conducted in the preliminary
design of the axial and centrifugal compressors showed the
major problem to be one of achieving a design point match at
part power such as to realize near maximum efficiency in the
axial compressor. This results from the characteristics of
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the gasifier and pcwer turbines (choked nozzles) in relating
the compresscr flows, pressure ratios, and speeds for the
various power points, expecially 100- and 60-percent pows:r.
This relatioaship is developed in 2Appendix IIX and is il-
lustrated in the following example.

Iterative matching attempts were conducted for representative
axial and centrifugal compressors to achieve near peak effi-
ciency operation at the 60-percent-power point while meeting
the cff-design compressor requirements of pressure ratio,
efficiency, and flow for 20-, 30-, and 100-percent-power
points. Por the case of fixed turbine geometry (and choked
nozzle), the gasifier turbine temperature ratio fcr off-design
to design-point operation is fixed and, consequently, the gasi-
fier spool-speed ratio for off-design to design-point opera-
tion is fixed. From Task IA, the 100-percent power require-
nments are ccmpared¢ to the 6éC-percent power requirements and
are repeated here for clarity:

w /o, % Nc/‘lex]zoo
Cr109 = Fe/ 2 B 3 =
-.-l.l_..wc . =1.21 Pe/Prien = i.31 N 7/ Tes 108.4
,60

A compresscr match based on these required relationships, and
on a fixed compressor geometry was achieved for an assumed
TIT (maximum} of 2500°P. Results are displayed on Figure 18,
which shows that the design.~point operation, illustrated as
Point C, of the axial compressor is approximately 11 points
below peak efficiency (0.89 minus 0,78).

While this match resalts in coperation of the axial compressor
near stall at the design peint, it is more important to cb-
serve the poor match-point efficiency.

The poor match results from the fact that the required match
point on the axial compresscr component is forced to a lower
flow than that coincident with peak efficiency for the design
speed., This is a direct result of the relationship of the
compressor requirements for 100~ and 60-percent powver points
as determined by the engine cycle analysis in Task IA, and
repeated above,
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From the axial compressor map, the ratio of choke flows
between design speed and a speed that is 1.0685 of design
speed is 1.10. This is not a peculiar feature of the map,
but it can be shcwn to be typical. To arrive at the required
1,21:1 flow ratio, it is necessary to select a flow at design
speed that is about 10 percent from design-speed chcke fiow.
This would locate the 100-percent-power point on choke flow
at 1.085 speed ratio. Points A and B on Figure 18 show

this. However, since des’gn pressure ratio is 2.02:1, Pcint
A must fall on a speed line less than the one identified

as 1.0. This then becomes the design speed if Point B
combines the pressure ratio of its centrifugal compressor
mat th point to give the regquired overall pressure ratio at
100-pexrcent power. The match shows that the overall pressure
ratio is too low. To arrive at the axial/centrifugal pres-
sure ratio at 100-percent power, the axial pressure ratio at
a speed ratio of 1.085 must increase. As it dces, the flow
moves off to choke and, to maintain the 1.21:1 flow ratio,
the flow at design speed moves further from choke flow. At
some point, the speed and flow ratio requirements are met,
together with the overall pressure ratios required at the 60-
and 100-percent-power points. This case is illastratecd on
Figure 18 as Points C and D.

Note that, since peak axial compressor efficiency is near
choke flow, the operating line characteristic forces the
design point to be far from the peak efficiency of the axial
compressor at design speeG. To achieve a better design-point
match and meet the off-design compressor reguirements, some
form of variable compressor geometry or twin spocling is re-
guired.

One case to be considered would be inlet guide vanes (IGV's)
ahead of the axial compressor. Actuating IGV's opposite to
the rotor rotation at 100-percent power shifts the compressor
characteristics toward higher flows and pressure ratios rela-
tive to the design speed characteristics. This would move
the match point toward the peak efficiency by increasing the

iﬁ:?g flow ratio (Wb,loo]choke/“C,GO}choke) for the fixed speed

Another approach would be inlet guide vanes ahead of the
centrifugal compressor. Actuation against rotation of these
IGV*s at 100-percent power would increase the pressure ratio
and flow so that the overall compressor requirements at 100-
pexcert power would be met at a higher flow and lower pressure
ratio for the axial compressor. From part A of Figure 18,
Point D would then move to F, and conseguently C to E.
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A third approacu to be considered is variable diffuser vanes
(VDV's) for the centrifugal stage. Actuation of VDV's at
1C0-percent power would increase flow and allow the overall
compressor reguirements tc be met at a higher flow in the
axial compressor.

Based on these observations, the major advantage to be derived
from variable compressor geometry is modification of the pres-
sure ratio and flow characteristics of the overall compressor
to allow match-point selection or the axial compressor nearer
to choke and hence nearer to peak efficiency. It is not clear
from this example how combinations of these variable-geometry
cases might behave; therefore, they were evaluated and are
discussed in the following paragraphs. The best variable
matching scheme would then have to be compared to twin spool-
ing to make a selection.

3.2.2 Evaluation of Matching Schemes

Based on the observations made in the initial matching
studies, seven matching schemes were selected for evaluation.
Off-design surge margin was a secondary consideration for
these studies,.

Since the preliminary designs for the two~stage axial and
single-stage cenirifugal ccmpressors used in these studies
are essentiallv identical, the differences in overall com-
pressor effici.ncy and engine SFC that are reported in the
paragraphs that foilow are attributable to the effects of the
comprassor matching variation studied. All values except as
noted are based on matching for 2500°F TIT ac iQ0O-percent
power. The seven schemes studied were for the combinations
of comoressors shown on the following page.




Two-Stage Single-Stage
Axial Compressor Centrifugal Compressor
(AR) {C)

Single Spooi

1. Fixed geometry (FG) Fixed geometry (FG)
2. Fixed geometry (FG) wvariable diffuser vanes
(VDV)
3. Fixed geometry (FG) Variakble inlet guide vanes
(VIGV)
4. Variable inlet guide vanes Fixed geometry (FG)
(Vigv)
5. Variable inlet guide vanes Variable inlet guide vanes
{(Vigv) (VIgv)
6. Variable iniet guide vanes Vvariable inlet guide vanes
(VIGV) plus variable diffuser
vanes (VIGV + VDV)
Twin Spool
7. Fixed geometry (FG) Fixed geometry (FG)

For =2ach of these combinations. several matching iterations
were made hy use of existing computer programs for compressor
matching and@ for engine cycle performance. Iterations were
based on compressor matching data and engine cycle data to
effect satisfactory matches for minimum SFC for design-point
operation (60-percent power).

The results of these compressor matching studies are dis-
cussed in the following paragraphs. Compressor and compresson
cormponent maps are included and display the estimated com-
pressor design requirements as determined in Task IA and the
actual engine operating points as determined by engine cycle
analysis (Task IB) based on the respective compressor maps

as reported beiow.

Based on these matching studies, a "best® matching scheme was
selected for further evaluation.
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3.3.2.1 Single Spool, AAFG + CFG

A match was achieved for this combination, consisting
of:

1. Two-stage axial compressor component, fixed
geometry (AAFG)

2. Single~-stage centrifugal compressor componeant,
fixed geometry (CFG)

The results of this study show that the axial compres-
sor operates far from peak efficiency over the range of
20~ to 100-percent power. Furthermore, the axial
ccmpressor operates in the stall regime at reduced
power levels. The poor metch resulting from this com-
bination is evidenced by an overall compressor peak
efficiency of approximately 0.795. This data provides
guantitative evidence of the conclusicns made ia the
preliminary matching studies. The data for this study
aze displayed in the three compressor maps of Figure 19.

The axial and centrifugal compressor efficiency levels
agssumed for this study are as estimated by preliminary
design and include no efficiency degradation

(nc = n¢, prszeN’-

Parts A and B of Figure i9 display the performance char-
acteristics of the axial and centrifugal compreasors as
they would be obtained from individual component rig
tests for these compressors. Part C of Figure 19 dis-
plays the performance characteristics of the multistage
compressor obtained from the individual performance
characteristics of Parts A and B. The surge line of the
axial compressor is also included on Figure 19C. It
passes between the 30- and 60-percent power points., Off-
design operation to the left of the surge line of the in-
let stages is a familiar experience in multistage axial
compressors. The presence of a centrifugal compressor
instead of many more axial stages has not changed this.

On axial-centrifugal combinations, however, multistage
instability bhas been experienced at the axial compressor
surge line. This instability occurs over a small range
of flow at any given speed., The reason for this can be
shown in Figure 19D,
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On a rig test of the axial compressor, the performance
characteristics are usually obtained from choke to the
surge line. Continued throttling will reveal that the
compressor can be brought osut of surge and that stable
operation can exist to the left of the usual surge line.
HBowever, the surge line is not a line, but is a small
range of flow that exists before stable operation can be
achieved with continued throttling. This range of flew
acts as a range of instability for the axial-centrifugal
combination. The multistage compressor will not surge,
but a rig test would reveal an inability to acquize data
within this instability range.

Similarly, it will not be possible for an engine to have
a steady-ctate operating peint within this range. From
the proximity of the 20~ and 30-percent power points to
the axial compressor surge line in Figures 19A and 19C,
it is conceivable that these power points and, in fact,
ali power points below about 50 percent would fall with-
in the width of the range of instability. For engine
operation which would accelerate across the axial com-
pressor surge line, this instability is not a problem;
for engine operation which demands steady-state power
delivery, it is a problem. Clearly, besides better effi-
ciency matching, a definite amount of margin from axial
compressor surge is needed. 3Both of these parameters,
overali efficiency and surge margin from axial compressor
surge, will be referred to in the performance displays
through the rest of this report.

Since data to the left of surge is not usually acgquired
on test and because of the paucity of data that is
available, a simplified model for the axial compressor
per formance tc the left of surge was assumed in order

to match with the centrifugal compressor and compute the
multistage performance. Pressure ratio characteristics
were extended at a coanstant value which was taken as the
surge value. Temperature rise ratio was extrapolated
nearly linearly, concomitant with checks with efficiency
to yield a smooth variation of efficiency with flow at
any given speed, With the axial compressor performance
characteristics thus extended, the overall performance
was computed with centrifugal compressor surge used to
define the surge of the multistage compreesor.

Part A of Pigure 19 indicates a design-point efficiency
of 0.77 (3 pounds per second) compared to 0.8%6 (3.75
pounds per second} at peak efficiency for design speed.
This shows, as did the initial matching studies, the
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desirability of moving the design point toward choked
flow for improved efficiency over the operating range.

Part B of Figure 19 indicates a design-point efficiency
cf 0.823 compared to 0.83 at l0-percent surge margin.

Additional matching iterations could effect relocation
of the design point cn this map to achieve the peak ef-
ficiency but is unwarranted for this preliminary study.

Part C of Figure 19 indicates a design-point efficiency
of 0.78 with adequate multistage surge margin over the
operating range. Note that the compressor operating line
falls on the maxinum efficiency for each spe2d lin=. How-
ever, due to the poor component efficiency match, the
maximum efficiency levels are significantly lower than
the potential.

The compressor ané engine SFC data for this combination
are shown in Table III.

TABLE ITI. AAFG + CFi COMPRESSOR
| ——
Fercent w J8/8 Ts
Power {1b /sec) P /Py My (°F) SFC
100.9 3.5898 12.57 0.793 2500 0.450
60.0 2.989 9.50 Q.780 2150 0.497]
29.0 2.351 6.93 0.768 13800 G.649
18.5 2.080 5.92 0.762 1650 0.816
vg

Additional matching runs were made for lower selected TIT
levels tc evaluate this effect on matching. Results
showed no effect on compressor component matching and
showed higher SFC's as predictable for the lower cycle
temperatures. The compressor and engine cycle Jdata
points are shown in Table IV for the case of 2250°F TIT
at 100-percent power.

| TABLE Iv. AAFG + CFG COMPRESSOR (REDUCED Ts)
Percent W J8/8 | Ts
Power {(1b/sec) Pe /Py N3 {°F) SFC
106.0 3.725 12.61 | 0.793 | 22501 0.471
59,7 3.014 9.57 | 0.780 | 1940 | 0.526
29.5 2.391 7.10 | 0.769 | 1650 | 0.694
21.0 2.1790 5.30 ] 0.763 | 1550 } 0.839

50




T T v

3.3.2.2 single Spool, AAFG + CVDV

A match was achieved for this combination, consisting
of:

1. Two~stage axial compressor component, fixed
geometry (AAFG)

2. Single-stage centrifugal compressor component,
variable diffuser vanes (CVDV)

The results of this study show improvement in the
operating characteristics of the axial compressor
compared to the fixed-geometry combination (AAFG +
CFG). However, the axial compressor for this combina-
tion operates at lower than optimum flows over most

of the speed range and near stall at the lower

power points. This match yields an overall compressor
peak efficiency of approximately C.81 near the 100-
percent-power point.

The axial and centrifugal compressor efficiency levels
assumed for this study are as estimated by preliminary
design and include no efficiency degradation for CVDV

(ng = N sesien! -

Based on matching iterations for this combination, CVDV
angle settings were selected to be 0° for speeds up to
a1)d including 100~percent design speed, and -2° for
speeds above 100 percent. Note that negative setting
angles denote adjustment to reduce the vane angle with
respect to the radial direction and thereby increase
fiow. The data for this study are displayed in the

three composite compressor maps (0° and -2° CVDV setting
angles) of Figure 20.

Part A of Figure 20 displays axial compressor character-
istics and reflects the improved compressor match by

the closer proximity of the operating line £o the peak
efficiency region of the axial component. An improvement
in surge margin is also evidenced by this map, and
actuation of the diffuser vanes at the lower power
settings could be considered to achieve additional

surge margin for the low power points.

Part B of Figure 20 displays the centrifugal compresscr
characteristics and shows a narrow surge margin at the
100-percent-power point. This would prevent a rematch to

move the 60- and 30-percent-power points nearer to the
ggak efficiency operating regime that exists nearer
surge.
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Part C of Pigure 20 displays the overall campressor
characteristics and shows that the operating line falls
very near to the peak efficiencies for the speed lines
over the operating range. Also, the efficiency islands
display higher efficiency levels than were achieved
with the fixed-geometry combination, reflecting sub-
stantial improvement in the compressor match.

The comrpressor and engine SPC data for this combination
are given in Table V.

TABRLE V. AAPG + CVDV COMPRESSOR |
Percent w.Jo/5 T
Power (1b/sec) Py/Py LT (°F) SFC
100.0 3.6920 12.60 0.809 25900 0.444
6G.0 2.988 9,51 0.801 2130 0.487
30.8 2.389 7.08 6.788 1800 c.616
19.5 2.096 €.00 0.778 1650 0.779

3.3.2.3 Single Spool, AAFG + CVIGV

A match was achieved for this case, consisting of:

1. Two-stage axial compressor component, fixed
geometry (AAFPG)

2. Single-stage centrifugal compressor component,
variable inlet guide vanes (CVIGV)

The results of this study show improvement in the
match of the axial compressor compared to the fixed-
geometry combination (AAFG + CFG) but no significant
improvement compared to the combination with variable
diffuser vanes (AAFG + CVDY). The axial compressor
cperates at lower than optimum flows over most of

the speed range and near stall at the lower power
points.

The axial and centrifugal compressor efficiencies
assumed for this study are as follows:

1. Compressor efficiencies are as estimated
by the compressor preliminary design

(ne = ¢ ppsiay! -
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(A) AXIAL COMPRBSSOR: FIXED GEOMETRY

Figure 20. Estimated Performance Characteristics, Two-
Stage Axial Plus Centrifugal Compressor
(Includes No Efficiency Degradation Due to
CVDV's), AAFG + CVDV.
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2. Compressor efficiencies are as estimated
by the compressor preliminary design
except that the centrifugal compressor
efficiency is degraded to 0.945 of the
design values for operating point(s)
with CVIGV's actuated off 0° setting

angle (ncc = 0.945 ncc' DESIGN
for CVIGV # 0°).

Based on matching iterations for this combination,
CVIGV angle settings were selected to be 0°

for speeds up to and including 100-percent design
speed, and -15° for speeds above 110 percent.

Note that negative setting angles effect swirl in
the direction opposite to rotor rotation.

1. Ne = "C, DESIGN The match for this case

yields an overall compressor peak efficiency
over 0.81 near the 100-percent-power point.
The data are displayed in the three composite
compressor maps {(0° and -~15° CVIGV setting
angles) of Figure 21.

Part A of Figure 21 displays the axial compressor
characteristics and shows that the match ig less
than optimum, as evidenced by the location of the
operating line with respect to the efficiency
islands and to the surge line at the low power
points., Design-point operation is achieved at
0.85 efficiency--approximately 4 points below the
peak efficiency for this stage.

Part B of Figure 21 displays the centrifugal
compressor characteristics and shows that the
operating line provides for adequate surge margin
for this stage. The pressure ratio fer this
stage at 100-percent power is substantially
increased by the CVIGV's (6.04 versus 5.63) and
results in a reduced efficiency for this point.

Part C of Figure 21 displays the overall compressor
characteristics and shows that the cperating

line falls near the peak efficiency points for

the various speed lines with adeguate surge

margin over the operating range. Also, the
efficiency levels are approximately 3 points

higher than those achieved with fixed geometry.
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This match results in a significant improvement

in design-point SFC compared to the fixed-geometry

case. However, the results are obviously opti-
mistic, since no efficiency degradation for

the presence of CVIGV's has been included here.
The narrow surge margin observed for the axial
ccmponent may result in axial componeat stall;
but as in the case of the fixed-gecmetzy com-
pressor, overall compressor surge would not be
expected.

The compressor and engine SFC data for this case
are given in Table VI.

TARLE VI, AAFG + CVIGV COMPRESSOR
(¢ = g, pesicN’
Percent | W/6/% Ts
Power |{(1b/sec); P,/P, T {°F) SFC
i¢9o.C 3.644 ) 1z.53 0.802 ] 2500 0.447
53.5 2.983 9.48 G.3808 § 2690 ¢.486
28.6 2.337 6.90 0.793 ] 1750 0.636
20.9 2.135 6.15 0.785 § 1650 0.744

2 = o,
2. nee = 0.945 ng  proroy FOR CVIGY # 0°:

The efficiency degradation for this case was
selected to show sensitivity to this parameter
and is considered to be representative of losses
that may be expected for this configuration.

The match for this case yieids an overall com-
pressor peak efficiency over (.80 at the design
point. The data ares dispiayed in the three
composite compressor maps (0° and -15¢ CVIGV
gsetting angles) of Figure 22.

Part & of Figure 22 displays the axial compressor

characteristics. Comparison with Part A of Fig~
ure 20 shows the effect on the 20-, 36—, 60-,
and 100-percent-power points for the efficiency
degradation assumed for this case.
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Part B of Figure 22 displays the centrifugal com-
pressor characteristics and shows the effect on
the 10C-percent-power point of the efficiency
degradation assumed for this study. Compared to
Part B of Figure 20, the efficiency pressure ratio,
flow, and corrected speed are all reduced.

Part A of Figure 72 shows the effects of a repre-
sentative efficifncy degradation assigned for

this study to tle centrifugai stage for the
presence of CVI3V's at -15° setting angle (100-
percent power). The composite maps are predictably
similar except for the efficiency ievels where the
CVIGV's are actuated to -15° setting angle.

The compressor and engine SFC data for this case
are given in Table VII.

TABLE VII. AAFG + CVIGV COMPRESSOR

(Moo = 0-945 N pesieN
FOR CVIGV # 0°)
—4
Percent| wW/6/8 Te

Power [(1b/sec) | P¢/P; | mea (°F) SFC

100.0 | 3.542 12.29} 0.780 | 2500} 0.460

59.9 | 2.970 9.44} 0.808§ 2040 | 0.493
32.1 § 2.408 7.18} C.796 | 1750 | 0.615
19.9 § 2.095 6.02} C.783 ] 1609 0.781,

3.3.2.4 Single Spool, RAAVIGV + CFG

2 match was achieved for this case, consisting of:

1. 7Two-stage axial compressor component,
variable inlet guide vanes (AAVIGV)

2. Single-stage ceatrifugal compressor
component, fixed geometry {(CFG)

The results of this study show a significant improve-
ment in the compressor match and yield efficiency
levels near the full potential for the compressors as
designed. The axial compressor operates at lower than
optimsum flows for the reduced power points, but opera-
tion at 60- and 100-percent power is near the peazk
efficiency points for the respective speeds. The axial
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compreggsor operates with 5- to 7-percent surge margin
at the 20-percent-power point, and additicnal surge
margin could be gained for acceleration by actuation
of the AAVIGV's at reduced power.

The axial and centrifugal compressor efficiencies
assumed for thisg study are as follows:

l. Compressor efficiencies are as estimated
by the compressor preliminary design

ine = N¢, pesien’*

2. Compressor efficiencies are as estimated by
the compressor preliminary design except
that the axial compressor efficiency is
degraded to 0.945 of the design values
for operating point(s) with ZAVIGV's
actuated off 0° setting angle
(Npy = 0-945 Npy  pporgy £OF ARVIGY £ 0°).

Based on matching iterations for this combination,
AAVIGV angle settings were selected to be 0° for
speeds up to and including 100-percent design speed,
and -15° for speeds above 10G percent. Ncte that
negative setting angles effect swirl in the direction
opposite to rotur rotation.

1. nc = nc’ DESIGN® The match for this case

yields an overall ccmpressor peak efficiency
of approximately 0.82 near the design point
(60-percent power). The data are displayed in
the three composite compressor maps {(0° and
-15° AAVIGV setting angles) of Figure 23.

Part A of Figure 23 displays the axial compres-
sor characteristics and shows that the match

is still slightly leas than idezl, as evidenced
by the 0.878 design-point efficiency compared

tc the 0.89+ peak efficiency. 2lso, the narrow
surge margin at the low power points may require
actuation of the AAIGV's at these power ievels
for adequate surge margin. This could be accom-
plished without complication but may slightly in-
crease the operating SFC's for these low power
points.
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Part B of Figure 23 displays the centrifugal
ccupressor characteristics and sinows thet the
operating line proavides for adequate surge margin
for this stage aiid is very close to the peak

efficiency operation.
Part B of Figure 14 shows that the

fixed-geometzry combination (AAFG + CFG).

However, comparison with

operating
line on the centrifugal compresscx map differs
only slightly from that determined for the

Fart C of Figure 23 displays the overall compressor

characteristics.
the operating line falls neaxr the peak efficiency
points for the various speed lines with adequate
surge margin ovsr the operating range.

From this it can be seen that

2iso, the
design-point efficiency is approximately §.818%,

which represents the best match achieved in these

matching studies.

The compressor and engine SFC data for this case
are given in Table VIII. These results are the best
achieved in these tentative matching studies, but
are clearly optimistic due to the assumption of
no compressor efficiency degradation due to

AAViIGV's.

o )

TABLE VII Av + 2 =
I. AAVIGV <FG COMPRESSOR (nc nc' DESI?ij

Percent | W/e/s 5
Pcwer |[Qb/sec)] P,/P, Ny} {°F) SFC
100.0 3.640 12.53 5.812 2500 0.443
5¢.5 2.983 9.48 2.819 2085 0.482
30.0 2.378 7.02 |} 0.809 § 1750 | 0.611
21.9 2,155 6.25 0.799 1650 0.713
:‘=d

2. nax = 0.945 n

, DESIGN

for AAVIGV # 0°%:

efficiency degradation for this case is cen-
sidered to be reprecentative of maximum loss to
ke expected and is esiimated from GTP331-13 engine
test data incorpeorating radial iniet guide vanes,
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The match for this case yields an overall compres-
sor peak efficiency of approximately (.82 near the
design woint (60-percent power). The data are
disgplayed in the three composite compressor maps
{(0° and -15° AAVIGV setting angles) of Figqure 24.

Part A of Figure 24 displays the axial compressor
characteristics and shows the effect on the 100-
percent-power point of the efficiency degradation
assumed for this study. Compared to Part A of
Figure 22, the 100-percent-gsower pressure ratio
is increased while the flow is decreased,

Part B of Figure 24 displays the centrifugal
compressor characteristics., Comparison with
Part B of Figure 22 shows the sliight effect on
the 20-, 30-, 60-, and 100-percent-power points
due tc the efficiency degradation assumed for
thiz case. Additional matching iterations for
this cosbination could shift the operating line
toward reduced airflows and effect sone increase
ir efficiencies over the operating range at the
expense of surge margin. .

Part C of Figure 24 displays the oversll compressor
characteristics., Comparison with Part C of Figure
23 shows the effects of a representative efficiency
degragation assigned for this study to the axial
compressor comporent for the presence of AAVIGV's
at -15° setting angle (100-percent power). The
enly difference to be noted is at the i0C-parcent-
power point. The assumed efficiency degradation
slightly reduces the pressure ratio, flow, and
corrected speed for this point.

The cocmpressor and engine SFC data for this case
are given in Table XX. These values represent a
performance level near the maximum potential for
the compressors as designed and are considered to
be achievable within & 3-year period. The glight
matching improvements apparent for the centrifugal
stage will be considered in the following tasks of
this program.
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TABLE IX. AAVIGV + CPG COMPRESSOR

(ﬂe}ég; 0.;§i nAX, DESIGN FOR
AL ¥ —
ercent I w576 Ts

Power | (1b/sec)] P,/P; LY (°F) SFC

100.0 3.563 | 12.36 0.79% | 2500 0.456
60.5 2.996 9.52 0.819 2045 0.485
29.2 2.352 €.92 0.808 1700 0.629
20.8 2.129 6.11 § 0.797 | 1600 0.7é2=¥

2.3.2.5 Single 3pool, AAVIGV + CVIGV

~

A match was achieved for this case, consisting of:

1. Two~stage axial compressor component, variable
inlet guide wvanes {RAViIGV)

2. Single-stage centrifugal compressor componexnt,
variable inlet guide vanes (CVIGV)

This is the first of two combinations of variable com-
pressor geometry that were evaluated in this prelimi-
nary matching study. The variable vane rows for the
axial and centrifugal compressors are e:.. isioned as
axial-flow components and would be amenable to simple
control linkage arrangement.

The results of this study show no advantage over the
combination of compressor components employing AAVIGV's
cnly:; and in fact, for the case of representative lioss
assumptions for the two variable vane rows, a per-
formance degradation is observed. The axial compressor
operates at lower than optimum £lows for the reduced
power points, but operation at $0- and 100-percent
power is near the peak efficiency points for the re-
spective speeds. The axial compresscor operates with 8-
to 9-percent surge margin at 20-percent power, and addi-
tional surge margin could be gaired for acceleration by
actuation of the variable vane rows at reduced power.

The axial and centrif igal compressor efficiencies as-
sumed for this study are as follows:

1. Compressor efficiencies are as estimated by
the compressor pzreliminary design

‘e * n¢, pmsian’.
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2., Compressor efficiencies are as estimated by
the compressor preliminary design except
that the axial and centrifugal compressor
efficiencies are each degraded to 0.945
of their respective design values {or
operating points) with AAVIGV's and
CVIGV's actuated off 0° setting angle

Max-cc = 995 My _cc, pesien £OF
AAVIGV and CVIGV £ 0°).

Based on matching iterations for this combination,
AAVIGV and CVIGV angle settings wer2 selected to be
0° for speeds up to and including 100-percent design
speed, and -15° for speeds above 100 percent. Note
that negative setting angles for both AAVIGV's and
CVIGV's effect swirl in the direction opposite tc
rotor rotation.

1. ﬂc = nc’ DESIGN’ The match for this case

yields the same overall compressor peak effi-
ciency (0.82) as was observed for Combination 4,
zonsisting of AAVIGV + CFG. The peak efficiency
island occurs between the design point (60-percent
power) and surge. The data are displayed in the
three ccmpogite compressor maps (G° and -15°
AAVIGV and CVIGV setting angies) of Figure 25.

Part A of Figure 25 displays the axial compressur
characteristics and shows a match almost identical
with that of Combination 4, AAVIGV + CFG, except
for the 100-percent-power point, where the pres-
sure ratio and efficiency for the axial compressor
axe significantly lower., The design-point effi-
giency for this compressor component is 0.885
compared to the 0.89+ peak efficiency. As was
discussed for Combimation 4, AAVIGV + CFG, the in-
iet guide vanes could be actuated at the low power
levels to increase the gurge margin without
mechanical complication, but possibly with some
slight increase in SFC for the low power points.

Part B of Figure 25 displays the centrifugal com-
pressor characteristics and indicates a match al-
mcst identical with that for Combination 4,
AAVIGV + CFG, except for the 100-percent-power
point, where the pregsure ratio is significantiy
higher and the efficiency is reduced.
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Part C of Figure 23 displays the overall compres-
sor characteristics. It shows that the operating
line falls near the peak efficiency points for

the various speed lines with adegquate surge margin
over the operating range. The design-point effi-
ciency is approximately 0.819.

The compressor and engine SFC data for this cases
are given in Table X. These results reflect

slightly lower performance than that reported
for the ne = "C, DESIGN study for Combination 4

(AAVIGV + CFG), Paragraph 3.4.2.4.

TABLE X. AAVIGV + CVIGV compasssoa(nc =nga DESIGN)

Percent | WJ6/ 6 Tg
Power |(1b/sec}|P.,/?; Ny, (°F) SFC

100.0 | 3.615 | 12.49 | 0.805] 2500 | 0.447
59.7 | 2,985 | 9.49 | 0.819] 2070 | 0.483
31.8 | 2.426 | 7.9 | 0.814} 1750 | 0.598
19.6 | 2.1¢4 ] 6.02 | 0.799} 1e60¢ | 0.759

2. Mpy o = 0.945 Max-cc, DESIGN for AAVIGV +

CVIGV # 0°: The match for this case yields the
same overall peak efficiency of 0.82 as was ob-
served above and as was observed for Combination
4 (AAVIGV + CFG). The peak efficiency similarly
occurs between the design point and the surge
line. The data are displayed in the three com-
posite ccmpressor maps {(0° and -15° AAVIGV and
CVIGV setting angles) of Figure 26.

Part A of Figure 26 displays the axial compressor
characteristics and shows the effect of the effi-
ciency degradation assumed for this study on the
160-percent-power point. Comparison with Part A
of Figure 25 shows that the pressure ratio is
increased while the flow is decreased.

Part B of Figqure 26 displays the centrifugal com-
pressor characteristics. Comparison with Part B

of Pigure 25 shows the siight effect on the 20-,

30-, 60-, and 100-percent-power points due to the
efficiency degradation assumed for this case.
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Part C of Figure 26 displays the overall compressor

characteristics. Compariscn with Part C of Figure 25
shows the effects of a representative efficiency

degradation as assigned for this study to the
axial and centrifugal compressor components forx
the presence of AAVIGV's and CVIGV's at the
-15° setting angle. The only difference to be 4
noted is at the 190-percent-power point. The
assumed efficiency degradation reduces the pres-
sure ratio, flow, and corrected spsed for this 1
peint.

The compresscr and engine SFC data for this case
are given in Table XI, These results reflect
slightly lower performance than that reported

in Paragraph 3. 3.2.4 for Combination 4 (AAVIGV +
CFG) with efficiency degradation for AAVIGV's.

—— i e

TABLE XI. AAVIGV + CVIGV COMPRESSOR

(May_oc = 0.945 May_cc, pEsien F
ARVIGV + CVIGV # 0°)

OR

Percent | W./8/0 Ts
Power (1b/sec){ Pu/P1 T4 (°F) SFC

190.0 3.496 1z.21 0.777 2500 0.462
60.2 2.974 9.45 G.818 2010 0.489
31.8 2.414 7.15 0.813 1700 0.611
23.1 2.196 6.35 6.804 1600 .713

3.3.2.6 Single Spool, AAVIGV + C(VIGV + VDV)

A match was achieved for this case, consisting of:

i. Two-stage axial compressoxr component,
variabls inlet guide vanes (AAVIGV)

z. Single~stage centrifugal compressor com-
ponent, variable inlet guide vanes, and
variable diffuser vanes C{(VIGV + VDV).

This is the second of twc combinations of variable com-
presscr geonmetry that were evaluated in this preliminary
matching study. The intent of this study was to sxplere
the performance potential for such a system with full
recognition cf the mechanical complexity that would be
required for operation.
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The results of this study show no signifiicant advantage
over the combination of compressor components employing
AAVIGV's and CVIGV's conly. Similar to the previous
combinations studied, the axial compressor operates at
lower than optimum flows for the reduced-power poincs,
with aperation at 60- and 100-percent power near the
peak etficiency points for the respective speeds. The
axial compressor operates with approximately 7-percent
surge margin at 20-percent power. Additional surge
margin might be gained for acceleration by actuvation

of the variable vane rows at reduced power.

The axial and centrifugal compressor efficiencies as-
sumed for this study are the same as those estimated by
the compressor preliminary design study except that the
axial and centrifugal compressor efficiencies are each
degraded to 0.945 of their respective design values for
cperating pointg(s) with AAVIGV's and CVIGV's actuated
off 0° setting angle {“Ax—cc = 0.945 "Ax-cc, DESIGHN

for AAVIGV, CVIGV, and CVDV # 0°). This study did not
include analysis for no efficiency degradation, since
data for this comparison have already been observed for
Combinations 3 (AAFG + CVIGV), 4 (AAVIGV + CPG), and

5 (AAVIGV + CVIGV).

AAVIGV, CVIGV, and CVDV angle settings were selected to
be 0° for speeds up to and including 100-percent design
speed, and -15°, -15°, and -2°, respectively, Ior speeds
above 100 percent. Note that negqative setting angles
far both AAVIGV's and CVIGV's effect swirl in the direc-
tion opposite to rctor rotation. Additicnally, negative
setting angles for the CVDV's effect adjustment to re-
duce the vane angle with respect to the radial direction
and thereby increase flow.

The match for this case yields a reduced overall com-
pressor peak efficiency of 0.81 compared to 0.82 for
Combinations 4 (AAVIGV + CPG) and 5 (AAVIGY + CVIGV)
The peak efficiency island ceciancides with the operating
J.ine at speeds slightly below the 100-percent-power
spved. The data are displayed in the three composite
comp-essox maps (0° and -15°, -15°, and -2° setting
angics fox AAVIGV's, CVIGV's, and CVDV's, respectively)
of Pigure 27.
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Part A of Pigure 27 displays the axial compressor
characteristics. Comparison with the map for Combina-
tion 5 (AAVIGV + CVIGV), Paxrt A of Pigure 26, shows
that the operating points on the axial compressor map
are virtually unchanged by actuation of the diffusex
vanes at l00-pexcent power.

Part B of Figure 27 displays the centrifugal compressor
characteristics. Comparison here with the map for
Combination 5 (AAVIGV + CVIGV), Part B of Figure 26,
shows the effect of variable diffuser vanes, actuated
for -2° at 100-percent power, on the centrifugal com-
pressor 100-percent-power match pcint. The principal
result as displayed is to increase the centrifugal com-
pressor efficiency at the expense of surge margin.

Part C of Figure 27 displays the overall compressor
characteristics., Prom this it can be seen that the
operating line falls near the peak efficiency points for
the operating range. Comparison again with the respec-
tive map for Combination 5 (AAVIGV 4 CViGV), Part C of
Pigure 26, shows that the design points are changed

only slightly by actuating the diffuser vanes at the i00-
percent-power point.

The increase of approximately G.0l1 in centrifugal com-
pressor efficiency compared to Combination 5 (AAVIGV +
CViGV) produces only a fractional gain in compressor
overall efficiency for the 100-percent-power point Que
to the simultaneous loss in axial compressor efficiency
and pressure ratio. Based on this, it is concluded that
no significant advantage can be realized foxr this com-
bination.

The Compresscr and engine SFC data for this case are
given in Table XII.

TABLE XTI AAVIGV + C(VIGV + VDV) COMPRESSOR

(Max-cc = 0-945 My _cc, pEsicw

POR AAVIGY, CVIGY, AND CVLV ¥ 0°)
Parcent ]

w/e/s Ts r
Power |{ib/sechi P.,/P; 1 (°F) SPC

10G.6 3.507 12.24 0.778 2500 0.461
§0.1 2.980 9.47 0.819 2010 0.439
32.0 2.424 7.18 0.815 1700 0.669
23.4 2.212 6.40 0.807 1606 0.796
— — ———

]

e —— a— ————
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3.3.2.7 Twin Spool, AAPG + CFG

Matching studies were conducted for this case, consisting
of:

1. Two-stage axial compressox, fixed geometry,
coupled to the second stage of a two-stage
gasifier turbine (low-~pressure spool)

2. Single-stage centrifugal comprassor, fixed
geometry, coupled to the first stage of a
two~stage gasifier turbine (high-pressure
spool)

The intent of this study was to explore the performance
potential of twin-spool matching. Clearly, nothing less
than a significant performance advantage for this case
wculd justify its selection in light of the complexity
of the mechanical zarrangement that would resalt for the
small, front-drive turboshaft engine assumed for this
program. This mechanical complexity wculd result for
either a three-coaxial-shaft arrangement or a parallel-
shaft arrangement.

The results of this study show that low-pressure-spool
and high-pressure-spool matches yield high compressor
efficiency levels for both the axial and the centrifugal
compressor. Furthermcre, bcoth compressor matches provide
for adequate surge margin over the operating range from
20~ to 10C-percent power. However, engine cycle data

show that the effect of gasifier turbine component effi-
ciency degradation resulting for twin spooling partially
offsets the high compressor performance.

The matching -c._.jucted ir this study is based on axial

and centrifugal compressor characteristics as estimated
in the preliminary compressor design for this task ard

as follows:

1. Engine ccmponent efficiencies (exzluding
compressors) and cycle assumptions are
as reported for Task IA design-point
studies, Paragraph 2.2 {reference Appendix
I) and off-design studies, Paragraph 2.4
(reference Appendix II). Gasifier turbine
stages 1 (high~pressure spcol) and 2 (low-
nressure spool) each operate with the
efficiency estimated for the wwo-stage

gasifier turbine (ny,p = fppq = "gr, DESIGN’ *
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2. Same as (1) except that efficiencies
of the second~-stage gasifier turbine
(low-pressure spcol) are degraded by

4 percent(nHPT = fAppp T 0.96 Gt , DESIGN)’

Analysis was made based on the assumptions given in (1)
and {2), and results are discussed below.

— = - 3 -
1. Ngpr = LPT "GT, DESIGN The axial and cen

trifugal compressor characteristics for this

case are identical with those displayed in Figure
28 for the case with gasifier turbine efficiency
degradation. The operating points for this case
would be slightly different from those shown on
FPigure 28.

The data from this match, which are given in Table
XIII show a Cesign-point SFC of 0.483 (TIT = 2060°F)
compared to design-point values for Combination 4
(AAVIV + CFG) of 0.481 (TI? = 2083°F) and 0.485
(TIT = 2045°F) with efficiency degradation.
Further comparison with off-design values showed
a slight advantage for twin spooling compared to
the data for Combination 4 (with efficiency de-
gradation). Clearly, no significant advantage is
evidenced for this case of twin spooling, notwith-
standing the fact that the twin-spool data are
somewhat optimistic.

TABLE XITL TWIN-SPOOL COMPRESSOR, AAFG + CFG
tgpr = "oy = "G, DPESIGN

4_:=
Fercent W¢676 Ts
Power 1} (1b/sec){ B,/P, LT (°F) SFC

100.0 3.658 12.62 0.799 2500 0.449
59.5 3.020 .56 0.81S 2060 0.483
23.5 2.420 7.10 0.819 1706 0.614

22.2 2.238 6.41 0.816 1600 0.701

2. nype =Ngp, pesiey © "zpr ~ 0
The axial and centrifugal compressor characteris-
tics for this case ares shown in Figure 28.
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Figure 28(A) displays the axial compressor charac-
teristics and the 20-, 30-, 60-, and 100-percent-
power operating points. The design-point match
(60-percent power) is very near the peak efficiency
for this compressor .nd shows an efficiency of
0.884. Adequate surge margin is evidenced over the
operating range, including approximately 19 percent
at 20-percent pcwer.

Figure 28(B) displays the centrifugal compresscor
characteristics and the 20-, 30-, 60-, and
100-percent-power operating points. The resultant
operating line for this stage provides for adeguate
surge margin over the operating range, including
approximately 16 percent at 20-percent power.

The compressor and engine SPC data for this task are
given in Table XIV. The performance levels indi-
cated are considered to be achievable with the
gasifier turbine efficiency degradation assumed for
this study. Comparison of these data with those
reported ror Combination 4 (AAVIGV + CFG), Paragraph
3.3.2.4, Table XIV, showed comparable performance
levels, with a slight advantage for the AAVIGV

+ CFG combination.

TABLE XIV. TWIN-SPOOL COMPRESSOR, AAFG + CFG

hypr = "er, pesigy® "npr = 0-96
“G’I',DESIGN)

Percent} W,/8/5 Ts

Power | (1b/sec)| p,/P, Ny 1 (°F) SFC

100.0 3.662 12.68 0.800 2500 0.454
59.5 3.031 8.58 0.820 2060 0.489
29.4 2.4:6 7.10 0.819 1700 0.623
22.2 2.245 6.41 0.816 1600 0.713
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3.3.2.8 Selection of Matching Scheme

Tha results of these matching studies are presented and
compaxed i'. the above paragrapns, 3.3.2.1 through
3.3.2.7. <The compressor maps presented show that the
orincipal variations fcr the schemes studied are in

the axial compressor match points. Except for Combina.-
tien 1 with fixed gecometry (ARAFG + CPG)}, only minor dif-
ferences were observed in the overall compressor e2ffi-
ciencies, and differences in SFC's were largely
attributable to the various design-point TiT's.

A summary of comparisons is as follows:

SINGLE SPOGL

|
(1} AAFG + CFG combination yields a pcor design-
point efficiency match and redui:ed-powar nperation
of the axial compressor in stall.
(2) AAFG + CVDV combination yields a design-point
efficiency approximately 2 pcints below Com- ﬁ

binaticn 4§ (AAVIGV + CFG) but shows an SFC only
slightly hicher due to the higher match TIT
{+85°F). The axial comrressor operates rear
stall at reduced pcwers.

(3) AAFG + CVIGV combination with reprasentative
efficiency degradation yields design-point
efficiency approximately 1 point below Com-
bination 4 (AAVIGV + CFG) with correspcndingly
higher SPC. Axial compresscr coperates near
stall at reduced power. {

{4) BRAVIGY + CPG combination with representative
efficiency degradation yieldz the best design-
point efficiency, 0.819, and the lawest SFC, 0.43S.
Axial compressor cperation at reduced power re-
quires AAVIGV actuation for stail murgin, 1
Selected as the best matching schere, {

-

{5) Z2AVIGY + CVIGV and (8) AAVIGV + CIVIGY + YDV)
with representative 2fficiency degradation yields
design~point efficiency identical with that of
Combination 4 (AAVIGV + CFG) but sliightly hisgher
SFC due to lower match TIT (-35°F);. Axial com-
pressor operation at reduced power requires AAVIGY
actuation for stall margin. These are mechanically
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complicated compared to Combination 4
{(AAVIGV + CFG).

TWIN SPCOL

{(7) AAFG + CFG combination yields design-point effi-
ciencies identical with those of Combination 4
(AAVIGV + CFG) but SFC is slightly higher, with
representative gasifier turbine efficiency degra-

dation. Mechanically ccmplicated front..drive
shafting is regquired.

The selected Combination 4 (AAVIGV + CFG) shows perforx-
mance values belcw the thecoretical peak efficiency for
these axial and centrifugal compressors, including 0.819
versus 0.834 for compressor efficiency and 0.485 versus
0.479 for engine SFC at 2045°F (TIT). However, addi-
tional matching iterations would effect some improvement
for thnis case, but are not warranted for the tentative
studies of this task.

3.4 COMPRESSOR DESIGN AND MATCHING, AAVIGV + CFG,
P,/P; = 10.5:1

The aerodynamic design was conducted for a two-stage axial
pius cetrifugal compressor for the 10.5:1-design-point pres-
sure ratio selected in Task 1A, Section 2.0. The axial and
centrifugal compressors were configured for 2.06:1 and 5.1:1
design-point pressure ratios, respectively, based on the opti-
mum work-split calculations 2f Task IA.

The compresscrs were then matched by employing the matching
scheme as selected in Paragraph 3.3.2, AAVIGV + CFG. The
design and matching data are displayed in the three composite
maps {0° and -~-15° AAVIGV setting angles) of Pigure 29.

Ther: results include no efficiency degradation for AAVIGVis
anc can be compared te the results for the 9.5:1-pressure-
ratic campressor reported in Paragrarh 3.3.2.7, Figure Z5.

These compressor data, along with the éata for the 9.3:1 and
11.5:1 (Paragraph 3.5} compressors, are the Zasis for Task IB

cycle studies to Jdetermine the cptimum design-point pressure
ratio for the engine assumed for this program.
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3.5 COMPRESSOR DESIGN AND MATCHING, AAVIGV + CFG,
PH[PL = 11.5:1

The aerodynamic design was conducted for this two-stage axial
plus centrifugal comrmpresscr for the 11.5:1-design-point pres-
suze selected in Task IA, Section 2.0. The design aud match-
ing were ccnducted identical with that reported in Paragraph
3.4 except that the axial and centrifugal compresscrs were
configured for 2.02:1 and 5.5:1 design-pcint pressure ratios
respectively.

The design and matching data are displayed in Pigure 39,
which can be ccmpared to Pigures 29 (10:5:1} and 25 (9.5:1).
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4. TASK IB, ENGINE CYCLE ANALYSIS

4.1 GENERAL

This task was conducted to (1) produce engine performance data
for the various compresscr matching schemes compared in Task
IIA, Section 3.0, (2) effect a firm selection of the optimum
design~point pressure ratio, and (3) estimate an engine
cperating line to display final compressor design requirements
for Task IIB.

4.2 CYCLE ASSUMPTIONS

Aavanced technclogy component periormance levels have been
assumed for these analyses and are identical, except as noted,
with the design and off-design assumptions reported for Task
IA in Paragraph 2.2 (refer also tc Appendix I) and Paragraph
2.4 (refer also to Appendix II) except for the assumed com-~
pressor pericrmance. The various compressor performance and
operating characteristics assumed in these cycle analyses are
as estimated in Task IIA, Section 3.0.

4.3 COMPRESSOR MATCHING STUDIES, P¢/P; = 9.5:1

Engine cycle analyses were conducted for the various compres-
sor matching studies conducted in Task IIA and reported in
Paragraph 3.3.2. The compressor matching variations studied
consisted of various matching arrangements of a two-stage
axial compressor (AA) and a single-stage centrifugal compres-
gor (C). The matching arrangerents studied consisted of com-
pressor configurations employing fixed geometry (FG), variabie
inlet guide vanes (ViGV's), and variable diffuser vanes
(VDV's).

The performance data for these studies were reported, in part,
in Paragraph 3.3.2 and are more fully presented in Table XV,

To indicate the proximity of the operating points from the
multistage compressor instability (discussed in Section 3.0),
the margin of the operating points from axial compressor surge
is ‘ndicated in Table XV. Ffor instance, on Table XV, what is
displayed for axial compressor surge margin at 20 percent
power for AAVIGV + CFG (Combination 4, 5.3 percent surge
margin) is in reality the margin from the multistage compressor
instability band. It will be recalled that this is a narrow
range of instability for the multistage compressor and that
hard surge does not cccur until the centrifugal compressor
surges. This is what is referred tc irn: Takble XV as overall
surge margin.

a3




Notice that the surge margins displayed for the centrifugal
and multistage compressors have different values. The reason
for this is that the flows for surge and the operating points
on the overall compressor map must be corrected for the axiai
compressor discharge condi:ions {(pressure and temparature).

The surge flow of the centrifugal compressor wﬁen corrected
for the axial compressor exit conditions is WS c —!3 The
value of W, (surge fiow for centrifugal compressor) comes

Oc.
from che centrifugal compressor map. The actual value of

this surge flow is

83 _ /_1

[, A3
\s.c.*z'g J55 “s.c. 31

since the compressor maps are displayed for a standard day.
Similarly, for an cperating point,

(Wo P. JE) 3,2_3 =%o.p.

The value of the operating point, Wb p.* is taken from the

/a1
X

centrifugal compressor map. Surge margin for the operating
peints con the centrifugal compresscr map SMC is

%o.p (‘/G\ - .c.<"53)
_ 83/0.P. s.C.

Js;
3 /O.P.

Surge margin for the operating points on the cverail compres-—
sor map, SMO is

SM.C =

94

- ama




TASLE YV, ENGINE CYCLE DATA (CALCULATED)
COMPRESSOR MATCHING SYUDIES
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. ©
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GASIFIZR TURBINT COCLISS
STAGES 1 AMD 2 TWIN SPOGL 4
| ;o AATG g, se, - 0-83 11000 75,6 Joass Tasoof 1120 T 10803 5.662 | 1.876 Jz2.23 5.67 12.68 f§0.853 ; 0.81% 9.z
‘ < N o *t2 59.5 464.3 J0.439 |2060f 399.6 | 10c.2 a.eat | 1.es0 J2.00 4.7 9.8% H0.88% 1 0.820 0.520
cFe 29.4 229.2 [9.625 |i7c0f 87.9 34.1 2.326 | 1.526 f1.74 4.03 7.30 Bo.s61 | o.320 5.81%
, , 22.2 172.7 jo.713 |10 B2.8 al.e 2.245 | 1.475  J1.es 3.6 6.41 Ho.ss0 | o.828 c.8:
e e, = 0-87 |100.6 7€7.7 | 0.41¢ {25008 113.0 | 1i96.5 3.658 | 1.87¢ §2.23 5.66 12.6z 10.854 | 0.a15 5.75%
St. $%a 5.5 468.0 |0.483 {20808 99.5 | 100.C 3.020 | 1.es4 §2.09 .28 9.56 fgo.sss | 3.8z ¢.819
25.5 2722.1 o.614 [17007 €79 | 4.0 2.426 1 1522 fr.3¢ £.07 7.10 30.35c | 0.328 &.819
22.2 13%.2 Jo.701 [1600§ 3.8 | 1.2 2.238 | 1.466 g:.66 3.85 6.3t 30.s¢3 | 0.828 6.816
GASIFIEZR TURBINE COOLING T™IN SPOOL
STASE 1
ARFG Ngs, 22, " 0-83 [107.0 787.3 [o.44s {25063 113.0 [ 206.3 3.651 | 1.867 }2.23 5.64 0.856 | 0.516
- S. 323 $3.3 466.5 |0.482 J20s0F 9s.6 | 100. 3.003 gy 1.675 &2.0% 3.75 0.822 | 0.821
cre 29.3 231.3 lo.61¢ {17008 &7.8 $3.% 2.412 | L.s1e Jros 4.0¢ ©.357 | 0.828
: 22.1 17s.2}o0.701 J1e00§ s83.% 9i.7 2.228 | 1.452 §1.66 3.83 0.8¢s | 0.82%
nge, st, " 0-87 [100.2 735.5 10.4¢5 |2500§ :13.0 | 106.5 3.663 | 1.864 §2.24 5.€1 6.855 | 0.816
. 2% 59.5 472.7 |c.478 |20s0f 99.7 | 1cc.e 2017 | 1.675 J2.0: 3,75 0.851 | 9.321
25.7 235.2 |c.605 117068 3.0 93.6 2.417 | 1513 Ril7s c.c3 0.856 | 0.828
{ 22 4 1786 |0 cas Jizood a4t 9 ¢ S D alesy Jiler  3le: o8& | 0 828
¢ (0.945) 1ndicates efficiency degradation dus to variadbls geozetry, shere 0.343 = "¢.. variable geosctry K., fixew gecoesry
as




TABLE XV. ZNGINE CYCLE DATA (CALCIRATED)
COMPRESSOR MATCHING STUDIES
COMPRESSOR COMPRESSOR COMPRESSOR o
SPSED FLOW PRESSURE P
(X DESIGN) (CORRECTED) RATIO
‘ FOGNER ax1aL’ | cewrrir-§ ax1aL/ | cEwtRIF- | Axiac | cyvrRIF-
SPECIAL =17 § GVERALL UGAL OVEPALL UGAL A 2 TGAL OVIRALL $AXIAL
COSFIGURATION® i REMABXS o) (up) SFC (*F) = = H13/520) {LB/SED) Pa'?s Pe/P: 31 n
SINGLE SPCOL
AAFG 100.0 791.3 §0.450 {.500 § 107.8 3.698 1.89 2.23 3.63 12.57 Jo.e65 | o.
+ 66.9 475.0 ] 0.497 {2150 $9.8 2.589 1.68 2.02 €.70 9.59 fo.780] O.
CFG 29.0 229.6 ]0.649 | 1860 9.6 2.351 1.47 .78 3.e8 €.93 Jo.T0| oO.
1 18.5 146.2 | 0.815 | 1650 e6.1 2.080 1.36 1.30 3.48 5.52 36.6a¢| oO.
AAFG Reduced 100.0 637.1 [9.471 {2250 § 102.0 3.72% 12.81
- TIT (°F} $9.7 380.6 [0.526 {1940 99.1 3.0i4 9.57
PG 29.5 187.9 ]0.€34 | 1650 N5 .291 7.i0
21.0 134.0 |0.339 t1sso 8.6 2.170 6.30
ARFS 100.0 804.2 |0.44¢ {25098 108.7 3,690 1,93 2.15 5.8% 12.65 Bo.sss | oO.
2] - 60.0 421.7 |0.487 2132 99.7 2,588 1.67 2.02 4.70 9.51 %0.830| O.
fors 14 3.8 245.8 j0.616 }1800 91.2 2.389 1.48 1.80 3.93 7.c8 Bo.775 | 0.
19.5 156.7 lo.77 {1650 86.5 2.0696 135 1.70 3.53 6.00 Bc.225: o
AAPG 100.0 788.6 ;5.447 {2500 § 103.3 3.644 1.975 2.08 6.02 12.53 50.380§{ O.
- $9.5 4¢8.4 0.485 [2070 § 100.1 2.983 1,655 2.02 £.59 9.48 §o0.8551 oO.
CVIGY 28.6 225.5 {0.63¢ |1i750 90.9 2.337 1,442 1.30 3.33 6.%0 go.780 )| ©.
20.9 164.5 | 0.744 §1650 87.% 2.138 1.365 .73 3.55 6.1= fo.7%0] o.
3| sz 106.0 740.1 {C.45G |2s0c § 107.0 3.542 1.845 2.175 5.65 12.29 Ro.se5 ] o.
CVIGV{0.945) 33.9 $43.0 }10.492 {2040 99.8 2.97% 1,655 2.92 4.65 9.484 §0.850} C.&
3z.1 237.8 [o.615 [1750 92.0 2.408 1.480 1.8% 3.36 7.318 §0.795 ] G.:
19.9 147.2 10.781 {1650 §7.1 2.095 1.340 1.73 3.48 6.02 §o.1s5c | 9
AAVIGY 100.0 797.4 10.443 {2500 § 102.2 3,640 1.320 2.28 5.50 12.53 go.ss1
+ 59.5 473.9 | 0.481 j2035 99.8 2.9e3 1.652 2.02 .70 9.48 Ro.s7e
CFG ! 30.0 239.2 {n_611 [1750 91.1 2.378 1.432 1.e3 3.84 7.0z go0.812
22.9 174.5 }0.712 }1650 87.9 2.165 1.370 1.7 | 3.87 6.25 Ho.t9e
PAVIGV {0. 345} 100.0 755.5 |0.356 [2500 | 107.4 3.563 1.755 2.34 S.28 12.35 jQo.s3z
+ 60.5 457.5 [0.385 (2045 § 0.0 2.9% 1.660 2.02 4.7 9.52 gc.880
[~34 29.2 220.5 }0.629 {1700 95.6 .252 1.432 1.83 *.80 6.92 Ho.sl0
20.8  157.2 {0.745 11500 82.1 2.129 1.350 1.7 3.51 6.1° H9_>gs
AAVIGY 100.0 782.6 |0.447 {2500 § 107.2 3.61S 2.030 2.0 6.25% 12 43 Jo.840
- 59.7 466.9 |9.483 2070 99.9 2.985 1.650 2.02 4.70 3.49 fo.885
cVIGY 31.8 248.6 [0.598 j1750 91.4 2.428 1.462 1.34 3.%0 7.19 #9.830
. 19.6  153.1 {9.759 |160G 86.2 2.104 1.340 1.723 3.49 6.02 #$0.s20
s
AAVIGV (0.545) 100.0 736.6 |0.452 1250C | o6.1 3.426 1.81C 2.0 5.55 12.21 RO.835
- €0.2 437.7 |G.489 [201C 99.7 2.974 1.645 2.02 4.68 9.45 Jo.gas
CVIGV (S.945} 51.e 231.1 |0.611 }1700 91.2 2.414 1,455 1.8¢ 3.98 7.15 %o0.830
23.1 165.2 {0.713 ;1500 e7.9 2.196 1.37° 2.76 3.61 6.35 Eo.815
AAVIGY (0.945) 100.0 730.9 [ 0.451 [2SCO§ 106.2 3.507 1.842 2.17 5.6S 12.24 jo.83c
6] < 60.1 439.3 {0.45% 2010 99.7 2.930 1.650 2.02 4.€69 9.47 #0.880
e VISV 14 4oy 32.0 223.0 10,609 {1700 91.3 2.424 1.458 1.84 3.99 7.18 EC.845
VOV . ! 23.4 170.9 | 0.706 {162C €8.9 N 2,212 1.390 1.75 3.65 6.4C 30.830
cas:nsgsgn?xﬁacsoum <%IR SPOCL
AAFG ge, sty " €.83 {109.9 779.6 }0.454 J2500F 113.0 106€.5 3,662 1.87% 2.23 $.67 12.68 §6.653 ] o.
+ . T2 $9.5 464.3 | 0.489 | 2060 99.6 100.2 3,031 1.6%0 2.00 4.7¢ 9.58 fc.834 § C.
crG 25.4 229.2 |0.623 {1700 87.9 94.1 2.426 1.526 1.74 £.68 7.10 Jo.ss1 | o.
. . 22.2 172.7 |0.713 |1s00 83.8 9.8 2.245 1.470 1.66 3.85 6.4 §o.s8sc ; ©.
ngt, sty = 9-87 100.0 787.7 [0.449 [2500 ]} 113.0 106.5 3,658 1.e70 2.23 $.6S 12.52 §o0.854 § O.
. 552 $9.5 468.0 | 0.483 !2060 99.5 100.0 3.020 1.584 2.00 s.72 9.55 Ro.s84 | ©.
29.5 232.1}0.614 |1700 87.9 s4.C 2.420 1.522 1.74 4.07 7.10 §o0.860 | o.
22.2 175.2 |0.701 j1sC0 83.8 9.7 2.228 1.466 1.66 3.85 5.41 §0.8¢9{ O.
GASIFIER TURBIEE COLIRG TWIE SPOCGR
STG2 1
AFG Nge, sty ” 0.83 [100.0 787.2 |0.448 35008 ::i3.0 106.5 2,651 i1.867 2.23 S.64 0.856
. . Bt 9.3 466.5 | 0.483 12050 93.6 100. 3,008 1.67% 2.01 478 2.882
=14 29.3 231.3 ;0.614 [1700 87.8 93.6 2.412 1.51¢ 1.7% .04 0.857
9 22.3 174.3 |0.701 |1600 83,9 9.7 2.228 1.458 1.66 3.83 0.843
Ngt, s, " 0.87 [100.0 795.5 10.345 |2500% 1:13.9 105.5 3.653 1.8€4 2.2¢ $.63 0.85S
v T2 $9.5 472.7 | 0.478 |32060 9.7 100.9 3.017 1.675 2.01 4.7% 6.881
29.7 235.9 | 0.602 31700 8.0 93.6 2.417 1.513 1.78 4.04 0.856
22.4_ 178.6 | 0.686 {1600 84.1 91.7 2.234 1.457 1.67 3.82 C.843
¢ {3.9S} indicates efficiency degralatica dve to variadle geometry, where 0.245 « Ne., variatle WW/QC-. fixed grometsy
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- ZNGIXE CYCLEZ DATA (CALCUIATES)
COMPRESSOR MATCHING STUDIES

R COMPRESSOR COMPRESSOR COMPRESSOR COMPRESSOR
PLOM PRESSIRE S SURGE MARGIN
(CORRECTED) RATIC SFricrEscy (4% FOR %//3 = COSST.)
- § AXIAL/ | cEwTRIF- | AXIAL | CovRIF- CERTRIF- CENTRIP-
OVERALL | UGAL 7, ’Py ] uvoaL |fovmarr axsar | wvear | ovemantd axzan]  vear ! ovemacsl
] l{lﬂ/m (La/sz0) Fo4'Pa P2 "3 e ez x} [+ ¥ {(%;
SINGLE SFOOL
3.698 | 1.59 2.23 5.63 12.57 Jc.e65 | e.805 2.793 § 10.5 5.9 I 1.8
2.989 | l.63 2.02 4.0 9.50 Bo.7s0| o.520 0.780 1.5 1103 6.6
2.351 | 1.47 1.78 3.89 ¢.93 fec.720] o.828 9.768 § -4.31 15 3 219
2.030 | 1.38 1.70 3.48 5.2 jo.es0] o.s28 90.762 § -1s.9] 1725 22.1
3.728 i2.61 ¢.793
3.01¢ 5.57 0.752
2.391 7.10 0.759
2.170 6.30 0.763
2,830 | 1.%¢ 2.15 5.86 12.60 $o0.53¢4 | 0.82¢ 0.80% § 16.0 2.0 1.9
2.988 I i.67 2.0z 370 3.51 Bo.s¢v ! 0.820 2.901 s.of 12.0 1€.7
2.389 | 148 1.80 3.93 7.c8 §0.775 | 0.827 e.788 2.6 155 21.¢
2.095 | 1.35 1.70 2.53 5.00 #0.725| 0.830 0.778 o.cl 171 22.1
3.63¢ | 1.97s f2.c8 6.02 12.53 %o0.s80! s.810 0.802 { 18.5 5.2 4.6
2.955 | 1.655 12.02 2.€9 5.43 fo.ass | c.s2: s.s08 § :2.1| 115 16.0
2.337 | 1.442 J1.e0 3.83 6.50 §0.780 | 0.330 0.793 5.3] 5.3 24.7
2.135 | 1.365s §1.73 .58 6.15 §0.750 | 0.828 ©.785 4.c| .0 27.8
3.5¢2 | 1.8¢s §2.175] s.66 12.29 Ho.83s | 0.787 9.726 § 16.1 7.3 €.%
2.97¢ | 1.655 §2.02 4.65 9.4¢ §0.850 | 9.825 0.808 § 11.8{ 1i.9 16.9
2.408 | 1450 J1.s1 3.7 7.18 §0.795 | 0.832 0.756 6.6| 1s.5 23.3
2.09s | i.3¢c §1.73 3.28 6.02 §0.7<0 | 0.832 0.783 2.0] 13.0 28.4
3.640 | 1.820 f2.28 5.50 22.53 do.sat | o.820 0.812 ¥ 17.6 7.7 3.6
2.983 | 1.652 y2.02 4.70 9.48 J9.878 | 9.32¢ 2.319 § 15.2 1l.0 14.5
2.378 | 1.32 1.83 384 7.92 go.slo | o.83 9.809 § 7.5 16.0 22.2
2.1s5 | 1.376 §1.7s 3.57 s.25 §0.790 | 0.s53 0.799§ s.3 17.5 37.0
3.263 | 1.75¢ 12.3¢ s.28 12.36 #0.832 | 0.822 0.79: § 4.1 8.1 3.3
2.996 | 1.650 32.02 £.31 9.52 fo.sso | v.azc 0.519 § is.6] 11.¢ 4.5
2.352 | 1.432 f1.a22 3.80 6.92 Jc.elc | G.s832 0.308 8.9 1s.3 z2.9
2.129 | 1.350 §1.74 3.51 6.1 No.735 | 0.630 9.797 7.1l 171 29.5
.65 | 2.030 d2.¢ 6.25 12.49 No.se0 | o0.78e 0.605 § 19.1 5.2 P
2.985 | 1.650 fz.02 4.70 s.49 Po.sss | o.824¢ 0 8 1s.6] 118 13.6
2.426 | 1.462 31.8¢ 3.3 7.19 fo.830 | o.8zs o.520¢ b 11.0] 1s5.¢ 22.5
2.10¢ | 1.3¢0 HExl72s| 349 €.c2 B0.600 | 0.a3c 2.797 s.:| 17.0 1.9
5.455 | :.83¢ f12.20 .55 12.21 ¥9.835 | o.3s% 6.717 § 16.8 7.¢ 8.5
2.974 | .6¢5 §2.02 4.68 9.45 §0.885 | 0.325 c.ex3 § 15.4] 1.3 13.6
2.414 | 2.455 J1.s¢ 3.e3 3. 3.830 | 9.6s0 6.813 § 11.0f 15.¢ 22.5
2.195 { 1.375 §1.76 3.61 €.35 fo.eis | 0.830 6.83¢ s.s] 17.0 25.1
3.507 | :.832 }2.17 5.65 12.23 §90.830 § 0.7% e.5718 %8 1s.8 9.5 7.3
2.980 | 1.650 12.02 4.69 9.47 fo.s2c | 0.823 0.839 § 1s.¢] 1.5 245
2.424 | 1,458 Y1.84 3.50 7.28 z9.845 | 0.630 0.835 § 12.5} 14.2 20.8
2.212 | 1,390 fi.7s 3.85 6.0 o.s2c | e.33¢ c.su7 § 11.s]| 1.3 26.1
T™™IN SpocL
s 3.662 | 1.e76 J2.23 S.67 12.68 %0.as3 | o.8is o.800 § 15.% 7.2
2 f 3.031 | 1690 Q2.2 4.3% s.c2 Xo.ese | o_e3d 0.830 8§ 1s.6] 105
1 2.426 | 1.525 Ri1.7¢ 4.8 7.20 fa.es1 | o =28 o.813 f 15.6] 16.¢
s 2.285 1.470 1.38 3.86 6.41 §0.850 § 9.82% 0.816 12.0 16.4
3 3.858 | 1.870 fz.23 S 66 12.62 30.854 | C.8:5 0.79%
° 3.020 | :.684 §2.00 4.78 2.5¢ 8o.824 | G.a21 0.813
0 2.420 1.522 1.74 4.07 7.10 ¥0.850 { o.828 0.819
7 2.238 | 1.486 J1.z6 3.85 6.41 fo.249 | o.823 0.816
™IN SPOOL
5 3.651 | 1.867 f2.23 5.64 0.8%6 [ c.e16
3.008 | 1675 }z.01 5.75 o.s52 | o.821
6 2.412 | 1.51¢ 31.75 s.ce 0.857 | 0.528
7 2.228 | s.as8 Mies 3.83 0.354 § 0.229
s 3.663 | 1.a64 f2.2¢ 5.63 0.355 | o0.81€
¢ 3.017 ! 1,675 §2.01 4.7 0.881 | 9.821
6 2.417 | 1513 f1.7s 4.04 0.855 { 0.838
7 2.234 | 1.457 §i.67 3.82 0.8¢ | 0.829
C.9¢5 = %, , variadle ;eantry/"'c., fixed gecmetry




The surge margins are equal only if

$3/0.P. 83/ s.c.
For the model used to extrapolate for axial compressor per-
formance to flow less than axial compressor surge, 83 is a

constant. Therefore, since e%ac > 8%12? SMC < SMO.

Configurations 1 through 6 report the results for the various
matching schemes studied for a single-spoocl compressor. Con-
figuration 1 shows the trend toward higher SFC's for a reduced
TIT with fixed gasifier cooling. No compressor mwatching
advantage was gained oxr liost by reduced cycle temperatures,
Configurations 3, 4, and S include data with and without effi-
ciency degradation for compressor components utilizing vari-
able geometry. The efficiency degradation assumed for these

CasSes Was Ner variable geometry 0.845 ¢, fixed geometry.
These are ccnsidered to be representative efficiency degrada-
tions and are based on test data.

Configuration 7 consists of fixed compressor geometry with a
twin-spooled compressor. Of the four examples shown, the
first is considered to be the most representative estimate and
includes cycle losses for 9-percent ccoling-air bypassing both
gasifier turbine stages, and includes a 4-percent degradation
of the gasifier seccnd-stage turbine due to the unfavorable
work split forced on the gasifier turbine section. The case
of no efficiency degradation in the gasifier turbine and the
cases of 9-percent cooling air bypass around only the first

gasifier turbine are reported to show sensitivity to these
parameters.

4.4 SELECTION OF OPTIMUM CYCLE PRESSURE RATIO

Engine cycle analyses were conducted based on three selected
design-~point pressure ratios to effect selection of an optimum
cycle pressure ratio. The design-point pressure ratios were
9.5:1, 10.5:1, and 11.5:1 as selected in Task IA and reported
in Section 2.0. The compressor performance characteristics
for these three cases included no efficiency degradation for
variable geometry and were estimated in Task IIA as reported
in Paragraphs 3.3.2.4 {9.5:1), 3.4 (10.5:1), and 3.5 (1l1.5:1).
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Cvcle data for the 9.5:1 design-point pressure-ratic case
were reported in Paragraph 4.3, Table XV, Configuration 4
{(AAVIGV + CFG), and are repeated in Table XVI as revised by
additicnal iterative calculations to display the data more
closely to the 100-, 60-~, 30~, and 20-percent-pcwar points.

Table XVI reports the calculated cycle data for the final
iterations made. The results show design-point SFC valiues of
0.480 (9.5:1;, 0.479 (1C.5:1), and 0.482 (11.5:1). while

these SFC levels are slightly optimistic because no efficiency

degradation was included for variable compressor geometry, the
trends are cecnsidered valid for selection of the optimum
design-point pressure ratio.

To facilitate this selection, a cross-plot was made and is
reported in Figure 31. The results are plotted with solid
symbols and are displayed, along with the cycle results of
Task IA, for comparative purposes., Based on the data from
this task, a selection was made for a design-point pressure
ratio of 10.5:1, which is in agreement with the tentative
selection made in Task IA and reported in Paragraph 2.4.

4.5 ESTIMATED ENGINE OPERATING I.INE

Based on the selection of the 10.5:1 design-point pressure
ratio and on the selected compressor matching scheme {AAVIGV
+ CFG), an engine operating iire was estimated. The engine
op2rating line consists of a plot of cycle pressure ratio
versus engine airflow and is based on the data reported in
Paragraph 4.4, Table XVI, 10.5:1 design-point pressure ratio.

The engine operating line is shown in Figure 32 (solid
symbols}, along with the tentative 10.5:1 operating iine
estimated on Task IA, Paragraph 2.5. The Task IA data were
based on the idealized compressor map assumed for that task.
Comparison of these reults showed that the achieved compres-
suor match from Task IIA comp-res very £fivorably with the
potential performance levels estimated in Task IA.

The engine operating line established in this task represents
the compressor design requirements for the final compresscr
design as conducted in Task IIB, Section 5.0.




TABLE XVI.

ENGINE CYCLE DATA ({
CYCLE PRESSURE~RATIO

COMPRESSOR COMPRESSOR
SPEED FLOW
POWER ' (X DESIGN) {CORRECTED)
AXTAL/ ]CHNTRIP- AXIAL/ | CERTRIF-
SPECIAL TIT {| OVERALL UGAL CVERALL UGAL
CONFIGURATION* REMARKS (%) SFC | (°F) (%) (%) (LB/SEC) | (LB/SECj
Single-Spool Design 797.41 0.44%| 2500} 108.0 105.8 3.640 1.820
Compressor Point 60.2 | 479.7] 0.480} 2093i] :00.0 99.6 | 2.994 1.869
P/P, 30.0 | 239.2] 0.611] 1750 91.1 91.9 2.378 1.442
9.5:1 20.0 | 159.5{ 0.743| 18626 86.8 87.5 2.111 1.335
AAVIGV Design 777.5| 0.443} 2500}f 108.3 105.8 3.635 1.795
+ Point 60.0 | 466.0] 0.479} 2087 99.5 100.0 2.494 1.5642
CFG Po/P; 36.0 | 2233.¢| 0.512} 1751 91.3 92.1 2.380 1.440
10.5:1 20.0 { 155.5] 0.747} 1623 87.0 88.1 2.119 1.332
Design 752.6} ©.446 | 2500} 108.2 106.1 3.626 1.747
Point 60.0 | 451.0] 0.4821 2089 92.8 99.6 2.984 1.510
P/P; 30.0 ! 226.0] o0.610] 1769 91.6 92.2 2.364 1.400
11.5:1 ‘ 20.0 § 153.5{ 0.756] 1636 87.8 88.9 2.108 1.320

b=

*No efficiency degradation assumed due te variable inlet guide vanes
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TABLE XVI. ENGINE CYCLE DAT2 (CALCULATED)
CYCLE PRESSURE-RATIC STUDY
COMPRESSOR COMPRESSOR q COMPRESSOR c
SPEED PLOW | PRESSURE COMPRESSCR SURGE
(% DESIGHN) {CORRECTED) RATIO EFFICIENCY {A¥ FPOR N/
AXIAL/ | CENTRIP-|| AXIAL/ | CENFRIF-H . .., | CERTRIP- CENTRIF- CENT
| OVERALL UGAL OVERALL UGAL Pa/D UGAL OVERALL || Ax1AL UGAL OVERALL §§ AXIAL Ul
() (%) (Le/sEC) | (LB/SEC)l} "3/ %2 Ps/Pa Pe/Py nNs1 Nes ez (%) (%)
108.0 105.8 3.640 1.820 2.28 5.50 12.53 |jo.881 | 0.820 0.812 {17.6 7.
100.0 99.6 2.594 1.660 2.02 4.70 5.53 |} 0.878 | 0.826 7.819 ] 15.4 1t.
91.1 91.9 2.378 1.442 1.83 3.84 7.02 1 o.el0] 0.830 0.809 7.5 16.
86.8 e7.5 2.111 1.335 1.75 3.46 6.05 {[0.7706 | o0.830 0.7%6 5.3 17.
108.3 105.8 3.635 1.795 2.32 5.96 13.81 || 0.882 1 0.794 0.795 {{17.5 5.
99.9 100.0 2.994 1.642 2.05 5.12 10.50 | 9.870 ! 0.810 0.807 ) 14.1 8.
91,3 92.1 2.380 1.440 1.84 4.2 7.76 |{0.810 } ©0.822 0.800 7.1 15,
87.0 88.1 2.119 1.332 1.76 3.80 6.70 i 6.780} 0.830 0.791 4.2 16,
108.2 106.1 3.626 1.747 2.3 6.34 1s.08 j1o.8781 0.780 0.782 [} 15.6 3.
$59.8 99.6 2.984 1.610 2.09 5.49 11.47 jlo.860} ©0.805 0.797 li11.5 8.
91,6 92.2 2.384 1.400 1.89 4.49 8.47 [10.790{ G.820 0.787 4.9 13,
87.8 88.9 2 108 1.320 1.78 .11 7.32 ’10.760 0.820 0.782 3.5 15,
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-
{CALCULATED)
TIO STUDY
“ COMPRESSOR 1r’ COMPRESSOR
PRESSURE COMPRESSOR SURGE MARGIN
RATIO EFFICIENCY (AW FOR N/Jg = CONST.)
P- AXIAL CENTRIF- CENTRIP- CENTRIF-
L Ps/P UGAL OVER LLjl AXIAL UGAL OVERALL § AXTIAL CGAL OVERALL 1
BEC) b Pe/Ps Pe/2y I na, Tes Ne1 (%) (%) (%)
0 2.28 5.50 12.53 0.881 ¢.820 ¢.812 i7.6 7.7 7.6
O 2.02 4.79 9.53 0.878 8.826 2.819 15.4 11.0 14.5
2 1.83 3.84 7.02 0.810 0.83 0.809 7.5 16.0 22.2
RS 1.75 3.45 6.05 0.770 0.830 0.796 5.3 17.5 27.C
5 2.32 5.96 13.81 0.882 G.794 0.795 17.5 5.9 4.0
2 2.05 5.12 10.50 0.870 0.810 0.807 14.1 8.5 12.5
0 1.84 4.21 7.76 0.810 0.822 0.800 7.1 15.2 19.3
. 2 1.76 3.80 6.70 0.78C 6.83¢ 8.79% 4.2 16.5 24.0
.7 2.38 6.34 15.08 0.878 0.780 0.782 15.6 3.9 4.9 a
O 2.09 5.49 11.47 0.860 0.805 0.797 11.5 8.0 i2.9
Q 1.88 4.49 8.47 0.790 C.820 0.787 4.9 13.5 18.6
RO 1.78 4.11 7.32 0.769 0.820 0.782 Il 3.5 15.0 19.0
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5. TASK 1IB, COMPRESSOR DESIGN AND MATCHING

5.1 GENERAL

Preliminary designs were performed for two compressor con-~
figurations. First, the desiqi: of a compressor with two
axial stages and one centrifugal stage was started in ac-
ccrdance with the results of TASK IIA. Results were sub-
mitted to engine conceptual design studies beifore the aero-
dynamic calculations were completed. Preliminary analysis
revealed that a low critical speed for the power turbine
shaft could be expected because of a long unsupported-shaft-
iength/shaft-diameter ratio. From five possible alternative
design approaches, the dzcision was made to shcrten the
compressor length by reconfiguring for AVIGV + CFG. This
task was consequently concluded with the design of a one-
axial-stage and one-centrifugal-stage compressor configura-
tion. The aerodynamic and mechanical design procedures and
results are discussed below for these compressor design
activities.

5.2 AERODYNAMIC DESIGN AND MATCHING. AAVIGV + CFG (P./P. =
10.5:1)

The aercdynamic design of the axial compresscr was preceded
by a study to verify that a 15° change of preswirl angle
could; in fact. accomplish the changes in the compressor
pressure ratio characteristic at 100-percent power that were
estimated for the variable-geometry study of Task IIA. This
effort was necessary since the aerxrodynamic design of the axial
compressor depends on the magnitude of the preswirl angle
change induced onto the first-stage rotor between the 60- and
105-percent-power points. Furthermore, it was ocbserved at
the conclusion of Task IIA that more IGV actuaticn might
enable the 60- and 100-percent-pcower match points to be
located more closely to the maximum achievable axial com-
pressor efficiencies at their respective speeds.

Following the matching study, the aerodynamic design of the

fiow path and blading for the axial compressor was conducted.

Fluid mechanic information is computed from a radial-

equilibrium type of calculatiocn between blade rows. The

equation of motion includes the effects of curvature and

: entropy gradient. The loss variaticn at all blade row exits,
except for the IGV, is computed from a loss model suyjested
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by Lieblein, Reference 3, and empirically extended by Swan,
R2ferc..ce 4, The blade camber selection and off-desian turn-
ing angle characteristics are deta2rmined from NACA low-speed
cascade data.

The centrifugal compressor design and performance were com-
puted from the same analytical technigques that were described
in Section 2. The empirical correlz*ions that were used to
design the compressor were applied to the compressor geometry
to obtain the perfermance at off-design conditions. The
empiricism contains correlations used to estimate rotor surge,
choke, slip factor and efficiency, the friction coefficiexnt
for the vaneless diffuser, and the cascade data for the vaned
diffuser.

5.2,1 Two-Stage Axial Compressor Matching

The performance characteristics of two 2iResearch axial com-
pressors were used to represent the estimated performance
for the individual stages of the two-stage axial compressor.
The characteristics of the individual stages were matched to
each other with several shifts of the pressure-ratio charac-
teristics of the first =tage in the vicinity of the 100-
percent-power match point. A number of combinations of these
shifts on the first-stage were examined to arrive at a match
of the two-stage compressor which would yield maximum two-
stage efficiency at 60-percent power. In this matchihg
procedure it was also necessary to make size changes on the
second stage to arrive at the best possible two-stage match-
ing.

The optimum result would, of course, be to match the highest
attainable efficiencies of both stages simultaneously at the
60- and 100-percent-power points. However, to accomplish
this requires a change cf pressure-ratic characteristic in-
consistent with the first-stage rotor pitch-line parameters
which determine the flow and pressure ratio changes as a
function of preswirl angle. These parameters are: the tan-
gential rotor speed, inlet air angle, and air turning angle.
Consequently, the matching study was terminated when it
appeared that little or no overall two-stage efficiency could
be gained with further preswirl angie change.

A point was reached at which the maximum attainable effi-
ciencies of both stages wer2 matched at the 100-percentc-
power point and nearly so at 6C-percent power. The results
are displayed in Table XVII.
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TABLE XVII. SUMMARY OF DESIGN MATCHING
RESULTS (AAVIGV)

60-Percent Power 100-Pexrcent Power Aj

Pinal Maximum Final Maximum
Match Attainable Match Attainable
Results Efficiency | Results | Efficiency

First-stage

efficiency 0.893 U,896 0.881 0.882
Second-stage

efficiency 6.906 0.821 0.90¢& 0.911
Overall

efficiency 0.895 0.307 0.831 0.892

The match-point efficiency of the seccnd stage is 1.5 points
below the maximum that could be attained at the match-point
pressure ratio. Further efforts to arrive at a better over-
all match did not seem to be rewarding. The study was con-
cluded at th s point.

5.2.2 Preswirl Angle Estimation

An analytical method was developed to compute the preswirl
angle associated with the shift of the pressure-ratio charac-
teristic that achieves the matching resuits discussed above.
Reference 5 contains published test data of the effect

of preswirl angle on the performance characteristics of a
single~stage axial compresscr. No cther publishad reference
contained as much or as systematic a set of information that
could be used to estimate the change in performance charac-
teristics with change in preswirl. Even so, there was doubt
whether *his information could be directiy applied if

the aerodynamic parameters such as rotor blade speed and
rotor relative inlet air angle were different from those of
Reference 5. Consequently, a theoretical approach

was taxen to find cut the controlling parameters and to esti-
mate performance characteristic changes with preswirl angle
changes.
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The prcblem consists of computing the change in stage pres-
sure ratio and flow rate with a change of inlet preswirl
angle. This is done by computing the meridional velocity
change at a given rotor pitch-line speed, 1In order to obtain
performance changes that come about purely as a result of the
preswirl angle change, the relative inlet air angle is held
constant, In an actual compressor, it is very common to have
a radial shift of the streamlines from iniet to outlet of
stage. To simplify the analysis, a constant streamline
radial position is assumed. Meridional velocity changes

also take place across an actual rotor, but the meridional
velocity is assumed here to be invariant across the rotor.

The derivation of the eguations is iisplayed in Appendix IV,
In the appendix, it is shown that the stage pressure ratio

can be written as n U3 /
3
C . v-1
. —————TN51 TTNE (TN3, -TN3: )
Za s
5, = L+ JC. T, (7)
gotpte 3

The pressure-ratio change frcm a condition of zero preswirl
is cobtained from

PZ/PI’IGV # 0
PZ/P‘IIGV =0

From the continuity equation, flow is computed from

1
- U?SEC?g vy=-1 ¢, A;\,U
ks = 1 -~ S t. 141 (8)
c A——
{ (TNBy +TNB_)® 2gJC,T; TN8, +TNB,

The flow-rate change from a condition of zerc preswirl is
obtzined from

{
Wfﬂ 8, # 0

Yelas = o
i S
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A plot of the pressure-ratio parameter against the flow~-xatio
parameter is displayed in Figure 33 for 8; = 60°, U = 1000
fps, and 3; - 8, = 10°, 20°, and 30°. Note that maximum flow
change occurs at a certain value of negative preswirl angle.

These equations were used to compute the pressure-ratio and
flow-ratic parameters for the pitch-line conditions of the
first-stage rotor.

In the variable-geometry study of Task IIA, the axial com-
pressor was considered to have zero swirl at the 20-, 30-,

and 60-percent-power match pcints and a value of -15° preswirl
at 100-percent power. Actuating the guide vanes opposite
rotation at full power gives a significant increase in the
first rotor tip relative inlet Mach number. If the compressor
is designed for 15° preswirl at the three lower power

points and zero preswirl at full power, the tip relative Mach
number can b2 minimized at full pcwer and lowered at the

other power points. This increases the stator hub inlet Mach
number, but it can be accepted as long as it is below the
biade section drag-rise Mach number. It was therefore decided
to design the compressor with 15° preswirl at 60-percenrt power
and zero preswirl at 109-percent pcwer.

5.2.3 Two-Stage Axial Compressor Design (P;/P;m= 2.05:1)

To minimize the flow-path distortion of the transition section
between the axial and the centrifugal stage, the axial com-
pressor design was characterized by a specification of zero
rotor huwb exit relatiwve swirl. This results in a minimum
hub diameter for the axial compresscr. The rotor tip speed
was selected to be 1200 fps at design point. At the roter tip
speed for 20-percen® power (U = 1045 fps), the match-point
flow is 23-percent lower than the flow at maximum attainable
efficiency for this speed. The data band of Figure 3 shows
that at this rotor speed, the largest surge-free range from
maximum efficiency obtained from test is 26.5 percent. As
pointed out in Task IA, ths state-of-the-art advancement

is expected to come from means that achieve, through design
intent, the surge-~free range required of the axial compressor.

This is expected as lcng as the design does not exceed the
data band of Figure 3.

Each stage was designed for a pressure ratio of 1.432 (/2.05).
A worx split study was not performed for the two-stage axial
compressor. It was assumed that the work split would probably
be nearly equal. Identical pressure ratios in each stage do
not give equal work, but it was assumed to be a clese approxi-
mation. Rotor and stage efficiencies were assumed to compute
the rotor pressure ratio, which was specified at each of the
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rotor exit stations. If the required overall stage pressure
ratio were not obtained, these input rotor pressure ratios
were iteratively adjusted. Exit air angle was specified at
each of the stator exit ststions. With these specifications,
the computer program selected the blade sections needed to
accomplish the design. These sections were selected from
empirical correlations of the NACA low-speed cascade data.

After completion of the design calculations, the compressor
geometry was resubmitted to the computer program to obtain

the vector diagram data under the flow, speed, and preswirl
conditions of the 30- and 100-percent-power match points,

Many flow-path configurations were examined in an effort to
arrive at a design that would accommcdate the 30-percent-
power conditions without stalling one of the blade rows. The
most significant contribution to this end came from using
tandem blade rows in the stators and from accelerating the
design meridional velocity as much as possible and still
accommodating the flow at 100-percent power. The reason
that a satisfactory design is difficult to achieve is the
high hub loss. This stems from the fact that the oiff-design
conditions at 30-percent power affect the hub more than the
rest of the blade span.

The off-design problem at 30-percent power can be explained
as follows. The rotor has its highest inlet Mach number
wiere the air turning is lowest--at the tip. The stator has
its highest inlet Mach number where the air turning is
highest--at the hub. The rotor hub has generally a higher
value of diffusion factor than the rotor tip but a lower
inlet velocity nead. The stator hub has generally a higher
value of diffusion factor than the .ip and a higher inlet
velocity head. Furthermore, the hub solidity is generally
about twice the valuve at the stator tip. These factors
double the hub loss coefficient compared to the tip. At
30-percent-power off-design, the change in inlet air angle
contributes a proporxtionately higher loss to the stator hub
than the stator tip because of the basically larger value

of design D~factor. With a higher loss at off-design at the
hub than at the tip, the entropy gradient term in the equation
of motion reduces the hub meridional velocity, which further
contributes to increasing the diffusion factor.

The flow and speed conditions at 30-percent power are respon-
sible for the air-angle change from 60-percent-power design
conditions. A stator hub inlet vector diagram comparison is
shown in Figure 34 for the 30- and 6§0-percent-power-point
conditions. The meridional velocity is 6 percent below a
value proportional to the ratio of the flows of the two power
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points. The inlet-air-angle difference from the design value
is therefore a consequence of the flow and speed values at
30-percent power. The difficuity in arriving at a convergent
calculation is a result of the off-design power selected.
This is an aerodynamic feature worthy of consideration when
part-power percentage is specified.

Several approaches can be taken to alleviate the strength

of the lcss. Loss contributions from large angle-of-attack
changes from design values can be diminished with a variable
first-stage stator. Another means would be to retwist the
blade rows such tnat the hub sections are biased away from
the minimum loss angle of attack in order te accommodate the
30-percent-power conditions. Still another means would be to
relax the specification of zero rotor hub exit relative swirl
to reduce the stator nub inlet Mach number. Finally, changes
could be made in hub solidity to reduce the loss coefficient.

Tc investigate all these possibilities would have taken nuch
longer than estimated feor the contract schedule. Furthermore,
at this point in the aerodynamic design, mechanical Jesign
calculations revealed that the natural frequency of the engine
shaft would be too close to the power turbine operating speed.
In view of these considerations, a single-stage axial com-
pressor configuration was designed.

Table XVIII shows a summary of the design results for the last
iterations conducted for the two-stage axial compressor. The
design is shown in the multistage compressor flcw path pre-
sented in Figure 35.

5.2.4 Centrifugal Compressor Design {P¢/Py = 5,1:1)

The design parameter study carried out in Task IIA was con-
sidered to be applicabie for the design of the centrifugal
compressor. A rctor blade exit angle of 50° and an absolute
air angle (relative tc the radial diraction} of 69° were
specified. The compressor configuration is showm in Figure
35. The vaned diffuser has a tandem blade row, It is fol-
lowed yy a vaneless bend and an annular flare diffuser. Pinal
diffusion tc compressor exit conditions occurs at the exit of
the flare.

The radial extent cf the vaneless diffuser for this compressor
is larger than that designed for Task IIA. A higher stage
efficiency (of C.5 point) could have been cbtained at design
point with a smaller vaneless diffuser. With a larger one,
the inlet Mach number to the vaned diffuser at loo-percent'
power is below the drag-rise Mach number of the first row of
vanes. Consequently, the stage efficiency is two pcints
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TABLE XVIIT. AERODYRAMIC DATA SUMMARY
FOR TVO-STAGE AXIAL COMPRESSOR
30% POWER 60% POWER 100% POWER

Eub Tip Hub Tip Hab Tip
First-Stage Rotor
Rel? inlet Kach No. 0.505 0.984 0.358 1.687 0.757 1.315
Diffucion factor 9.388 0.464 0.284 .285 0.427 0.419
Caxber 64.8 23.2
Rel. inlet air angle 49.7 72.2 43.4 70.0 45.8 68.5
Pirst-Stage Rotor
5 abs.'inlet ach No. 5.673 0.548 €.839 0.605 0.8%6 0.€39
2ipiffusion factox 0.608 0.225 0.399 0.172 0.267 0.061
Ul Carber 17.4 13.2
~|abs. inlet air angle 51.9 3.9 46.9 39.8 46,6 33.3
3|Abs.inlet Mach No. 0.333 0.490 0.622 0.553 6.697 0.629
2| piffusion factor 0.635 0.172 0.364 0.206 0.371 0.213
2 Carcber 44,1 4%.4
“labs inlet air angle 37.2 30.9 35.0 30.0 34.8 29.3
Second-Stage Rotor
Rel. inlet Mach No. 0.519 1,002 0.706 1.108 0.763 1.202
Diffusion factor 0.694 0.392 0.336 C.424 0.294 0.425
Canber 61.5 20.7
Rel, irlet air angle 73.1 56.0 51.0 58.0 50.3 56.7
Second-Stage Stator
5] Aba: iclet Mach No. 9.470 0.628 0.780 0.€3% 0.877 2756
2lpiffusion factor 6.773 0,075 0.253 0.108 0.219 0.064
- Cazber 25,0 8.6
~{Abs iniet air angle 52,7 27.1 39.6 28.3 37.1 27.2
5| Abs- inlet M2ch ¥o. 0.189 0.5611 0.644 0.558 0.743 0.744
Sl picfusion factor 0.746 0.1%4 0.175 0,228 0,185 0.249
g Camber Z23.4 27.6
©™f{absz, inlet air angle 23.9 20.0 20.0 20.0 19.7 19.3

*Relztive
2#bsolute
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higher than wvhen no trade-off is taken at design point. This
gives a lower SFC at 60-percent power because the efficiencies
at these two powers are closer to each other.

A summary of the design results is displayed in Table XIX.

TABLE XIX. AERQDYNAMIC DATA SUMMARY FOR A CENTRIFUGAL
COMPRESSOR DESIGNED TO MATCH WITH A TWO-
STAGE AXIAL: COMPRESSOR
30% 60% 100%
Power Power Power
Inducer tip rel, Mach No. 0.965 1,028 1.109
Impeller tip speed 1630.0 1770.0 1872.0
Impeller exit abs. Mach No. 0.588 1.029 1.076
Vaned diffuser inlet
Mach No. 0.865 0.991 0.937
Vaned diffuser exit
Mach No. 0.215 0.212 0.206
Compressor exit Mach Ro., 0.153 0.150 D.145
=

5.2.5 Compressor Matching

stator row were regquired.
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No axial-centrifugal compressor matching runs were made for
the AAVIGV + CFG compressor since the aercdynamic design for
the two-stage axial compressor was not completed,
conclusion of the aerodynamic design for the two-stage axial
compressor could be expected to lead to axial,
and overall compresscr performance comparable to that
predicted in Task IIA, displayed in Figure 29, and reported
in Table XVI for the case of P,/P, = 10.5:1.
in characteristics might be expected if a variable first-stage
However, the design-point effi-~
ciency level and SFC values would be essentially the same.

Successful

centrifugal,

Some differences
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5.2.5 Engine Conceptual Pesign Considerations

The iterative design and matching computations for the AAVIGV
+ CFG compressor were based on tentatively chosen compresscr
flow-path contigurations. The configuration for the last
design calculations made for the AAVIGV + CFG compressor is
shown in Figure 35.

This configuration was submitted to engine conceptual design
studies, which included a reliminary critical-speed analysis
for the engine shafting, This preliminary analysis showed
that a low critical speed for the power turbine could be ex~
pected because of the long-unsupported-shaft-length/shaft-
diameter ratio. Calculation for a simply supported power
turbine quili-~shaft (17.5 inches long) resulted in a power
turbine shaft critical speed of approximately 35,000 rpm.
Based on this, several des“gn alternatives were apparent, in-
cluding the following:

(1} Size the power turbine for 25,000 to 30,000 rpm
and accept a significant weight and size penalty.

(2) Reconfigure the compressor for larger hub radii
to accommodate larger diameter shafting.

(3) Shorten the unsupported length of the power
turbine shaft by employing an intershaft bearing.

{4) Shorten the compressor and, hence, the unsupported
length of the power turbine shaft,

(5} Reconfigure the shafting arrancement for end-
moment constraint,

It was beyond the scope of this program to explore the merits
of these approaches or combinations of these approaches.
while the comparison based on performance considerations as
reported in Paragraph 2.2.2 shows zn advantage for the AA+C
combination over the A+C combination, this advantage is con-
tingent on two basic assumptions:

(1) f%he aerodynamic design of the two-stage axial com-
pressor can be completed to achieve stall-free opera-
tion near the potential performance levels. The
potential performance levels are estimated to be the
same as those predicted by the preliminary design and
matching studies of Task IIA and displayed in Figure
29. Engine cycle data for this case is reported in
Table XVI for P,/P; = 10.5::i.
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(2) The front drive shafting can be designed to achieve
a mechanically feasible arrangement with acceptable
revisions to the two-stage axial compressor.

Since neither of these assumptions could be made with confi-
dence, a choice was made to complete the design and matching
of an A+4C ccmpressorx reconfigured for a shafting arrangem.nt
incerporating end-moment constraint,

5.3 Cycle Considerations for A + C Compressor

Baced on the choice of an A + C compressor, a review was con-
ducted to establish cycle requirements for this compressor.

5.3.1 &erodynamic Design Requirements, A + C Compressor

A choice was made tc design the A + C compressor for an over-
all pressure ratio of 10.5:1 at 60-percent power. The tenta-
tive compressor design requirements were assumed te be the
same as those determined in Task IIA for an AA + C compressor,
as displayed in Figure 32. This choice was made teo expedite
the design of the & + C compressor arnd to allow direct com-
parison with the potential performance es*imated for ar~ AA +
C compressor as determined in Tasks IIA and IB and displayed
in Pigure 29 and Table XVI.

This choice of design requirements for the A + C compressor
was considered to be a close approximation to optimum values
for A + C compressors based on observations made for the A +
C compressor. The design-pcint pressure ratic for the 23A + C
compressor was selected to be 10.5:1 in Task IB, Secticn 4,
based on cycle analyses for an AAVIGV + CFG compressor. This
selection was in agreement with the tentative selection made
in Task IA and reported in Paragraph 2.5, based on cycle anal-
yses utilizing an AA + € idealized compresscr map (Figura 53)
and the AA + C compressor efficiency estimates dispiayed in
Figure 7 (Curve B), Since the nondimensionalized efficiency
characteristics of an A + C compressor can be expected to be
similar to those estimated for an AA + C ccmpressor (Figure
53} the maior effect to be noted is the ccomparison of the
efficiency versus design-~-point pressure ratics for an A + C
(Figure €} and an A2 4 C compressor {Figure 7). Sxamination
of the B portion of these curves shows that the slopes for the
respective speed lines are only slightly different. Since the
efficiency for an & + C ¢ smpregsor decreases (with increasing
P,/F,) at a slightly greater rate, it csn be expected that the
optimum design-point pressure ratio for an A + C compressor is
slightly lower than that selected for an AA + C compressor
{10.5:1).
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It was decided to parallel the design and matching of the
selected A + T compressor with engine cycle analyses to Geter-—
mine the validity of the selection for the 10.5:% design~-point
pressure ratio. The results of these analyses are reported in
Paragraph 5.3.1.1.

5.3.1.1 Validation Analysis for A + C Compressor, P,/P.=
10.5:1

Engine cycle an2lyses were conducted for design-point
pressure ratios of 9:1, 190:1, 11:1, 12:1, 13:1, and i4:1.
Cycle assumptions were identical with those reported for
Task IA in Paragraph 2.4 {referernce Appendix II) with
the following exceptions:

(1) A + C compressor design point efficiencies were
assumed to be as displayed in the B portion of Fig-
ure 6, N/J/8 = 60,000 rpa.

{(2) A + C compressor characteristics were assumed to
be as gisplayed in the idealized compressor map of
Figure 36.

The results of these analyses are plotted in Figure 37
and a2re compared to the results previously shown in
Figure 14. The results of this ztudy show that for the
case of an A + C compressor, the optimum design-point
pressure ratio for minimum SFC at 60-percent power is
10.0:1. While this is slightly less than the 10.5:1
ratio selected for the design of an A + C compressor,
the SFC characteristic is relatively flat in this range.
Therefore, the engine performance levels for the BAVIGV
+ CFG compressor represent a satisfactory evaluation of
the potential for this compressor arrangement.

5.3.2 Metching Scheme, A + C Compressor

A selection was made of the best matching scheme for an A + C
comprasscr based on the matching studies of Task iIA. The
scheme selected was the same as that seiected for the AA + C
compressor and censists of variable inlet guide vanes ahead of
the axial compressor and fixed geametry for the centrifugal
comprassor {AVIGV -+ CFG).

This selection is considered to be a valid extension of the
results reported in Section 3 for the studv of an AA + C com-
pressor. Tne reascn for this is that the speed-flcw/pressure-
ratio relationships as a function of power output do not
change for the axial compressor component when a single-stage
rather than a two-stag2 compressor is employed as the axial
component. In either case, the use of variable inlet guide
vanes provides the best soliticn to the matching problem.
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This is true notwithstanding the fact that for the ARVIGV +
CFG compressor, a variable stator vane row may be required in
order to achieve the required surge-to-choke range for the
second axial stage.

5.4 AERODYNAMIC DESIGN AND MATCHING,AVIGV + CFG (P,/P; =
10.5:1)

The aexodynamic desiaon and matching of this AVIGV + CPG com~
pxesscr were con..eted based on the design reguirements as
discussed in Paragraph 5.3. The aerodynamic design proce-
dures used here were described in Paragraph 5.2.

Tha results of Task IA show that the optimum work split for
this A + C compressor, by reference to the B portion of Fig-
ure 6 (¥//F = 60,000 rpm), is for design values of p,/P, =
1.48:1; therefore, P,/P; = 7.i:l.

5.4.1 Preswirl Angle Estimation

The inlet-~guide-~vane analysis derived for this program and
reported in Appendix IV was used to compute the preswirl
angle associated with the shift of the pressure-ratio charac-
teristics rxeguired for a goocd compressor match. The per-
formance characteristics of an axial compressor with advanced
efficiency levels for this pressure ratio were used to repre-~
sent the estimated performance for this compressor. With
this compressor map, computations showed that a preswirl
angle change of 15 degrees would place the 50~ and 100-
percent-power points on the maximum efficiencies for their
respective speeds, This is in agreement with the preswirl
angle estirmation made for the AAVIGYV + CFG compressor.

Based on these results, it was decided to design the compres-
sor with positive 15° preswirl at power levels up to 60 per-
cent anéd with zeroc preswirl at 100-percent power. Note that
positive preswirl is in the direction of rotation and there-
fore reduces airflow.

5.4.2 Single-Stage Axial Compressor Design (P;/P, = 1.48)

The design completed for this axial compresscr is very similar
tc the axial first-stage design displayed in Figure 35

{P2/P1 = 1.432) for the last iteration made for the AAVIGV +
CFG conpresscr,.
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The design of this stage was dictated by a specification of
zexo reotor~hub exit relative swirl for minimum hub diameter
and, hence, minimum flow-path distortion between the axial
and centrifugal stages. The rotor tip speed was selected to
be 1200 fps at the design point,

Slight mcdifications to the inlet hub contour of the first
axial stage of the AA + C compressor as reported in Paragraph
5.3.2 were made. An aerodynamic configuration was achieved
that accommodates both the 30- and the 100-percent off-design
conditions with the stipulated IGV actuation.

Table XX shows a summary of the design results. The flow
path is given in Figure 38.

5.4.3 Centrifugal Compressor Design, P,/P, = 7,1:1

The design parameter study carried out in Task IIA was con-
sidered applicable for the design of this centrifugal com-
pzessor, A rotor blade exit angle of 50 degrees and an
absolute air angle {measured from the radial direction} of 69
degrees were specified. Since the design-point pressure
ratio of this cempressor is 7.1:1 and that of Task IIA was
4.7:1, a spot check was made at ancther blade angle. The
change in overall stage efficiency was the same as that for
the compressor designed in Task IIA. No further parameter
examinaticns were made.

As with the centrifugal compressor designed for the two-stage
axial compresscr configuration, the radial extent of the
vaneless diffuser has been selected for good efficiency at
100-percent power. However, the overall stage efficiency is
0.8 point lower in efficiency than anticipated from the work-
split study in Task IA. 1In that study, only changes in
specific speed were considered. Application of the detaiis
of the aerodynamic design resulted in a 0.5-point increase due
to clearance and 0.3 point due to increased wvaneiess diffuser
gap compared to the centrifugal compressor designed for the
two-stage axial compressor configuration. Tae clearance of
0.010 inch is proporticnately larger, with yespect to ths
rotor exit width for this compresscr, thar that of the com-
pressor designed to mate with twec axial stages.

The compresscr configuration is shown in Figure 38. It
features a tandem blade row for the vanes diffuser, a vane-
less bend, and a vaneless flare. A summuary of the design
resuits is displayed in Table XXI.
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TABLE XXI. AERODYNAMIC DATA SUMMARY FOR CENTRIFUGAL
COMPRESSOR DESIGNED TO MATCH WITH ONE-~
STAGE AXIAL CCMPRESSOR
30% 60% 100%
Power Power Power
Inducer tip rel, Mach No. 0.985 1.092 1,175
Impeller tip speed 1840.0 2000,0 211&,0
Impeller exit abs Mach Ho. 1,072 1,140 1.200
Vaned diffuser inlet
Mach Ne. 0.875 0.922 0.954
Vaned diffuser exit
Mach No, 0.238 0.224 0.201
Compressor exit Mach No. 0.154 0.150 0.135

-

5.4.4 Compressor Matching, AVIGV + CrG

Several matching iterations were made for this final compres-
sox arrangement based on compressor matching data and engine
cycie data. A satisfactory match was achieved, and final
results are displayed in Table XXIXI., The axial, centrifugal,
and overzll compressor maps for this case are presented in
Figure 44 and discussed in Section 6.

5.5 CONCEPTUAL DESIGN OFf COMPRESSOR AND ENGINE

Based on the aerodynamic design of the compressor as con-
figured for this task (AVIGV + CFG, P./P; = 10.5:1) and re-
ported in Paragraph 5.3, a conceptual layout shows a mechanical
arrangement for the compressor as it might be incorporated

in an engine power section., The laycut consists of a cross-
section view of a front-drive, turboshaft-engine power sec-
tion, including a free turbine, and is presented in Figure 39.

The envelope of the gasifier section is 12,6 inches in diam-
eter by 14 inches long, while the power turbinre as shown adds
i2 inches to the length to complete the power section, The
engine diameter is set by the 7.l:l-pressure-ratio centrifugal-

124




TABLE XXIT.

ENGINE CYCLE DATA (
AVIGV + CFG COMPRESSOR MATCHING

COMPRESSOR COMPRESSOR
. SPEED FLOW
POWER {% DESIGN) (CORRECTED)
AXIAL/ | CENTRIF-| AXIAL/ { CENTRIF- -
SPECIAL TIT OVERAILL CAAL OVERALL UGAL P “ /p
CONFIGURATION| REMARKS | (%} | (HP) | sFc ! (°F) (%) %) (LB/SEC) | (LB/SEC)| "=
SINGLE-SPOOL | DESIGN | 100 j757.2 |.452 |2500.] 107.5 105.2 3.634 2.355 1.67
COMPRESSOR PQINT 60 }454.7 |.491 |2096.] 190. 100. 3.00 2.16 1.48
“Vis" P/P 30 ]226. |.s30 | 1760. 91.7 91.8 | 2.4 1.8 1.4
CFG 10.5:1 20 |150.5 .77 | 1620. 87.9 86.2 2.15 1.64 1.37
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XXII., ENGINE CYCLE DATA (CALCULATED),
BIGV + CFG COMPRESSOR MATCHING RESULTS

|

COMPRESSOR COMPRESSOR COMPRESSOR
FLOW PRESSURE COMPRESSOR SURGE MARGIN
(CORRECTED) RATIO EFFICIENCY (AW FOR N/J% = CONS
AXIAL/ | CENTRIF-| , ... |CENTRIF- CENTRIF- CENTRIF-
OVERALL UGAL > /p UGAL OVERALL | AXIAL UGAL OVERALL | AXIAL UGAL oV
(LB/SEC) i (LB/SEC)| "2’ "1 P ’p P /p n n n {%) (%)
4 3 £ 1 33 43 41
3.634 2.355 1.675 8.249 13.817 | 0.892| 0.775 .778 17. 4.2
3.0C 2.16 1.48 7.125 10.545 | 0.91 0.786 .788 18.4 10.2
2.4 1.8 1.415 5.548 7.85 | 0.83 6.795 .7836 9.7 13.3
2.15 1.64 1.37 4.964 6.80 | 0.79 0.795 .7805 4.6 15.0
4




COMPRESSOR
COMPRESSOR SURGE_MARGIN
EFFICIENCY {aWw FOR N/J/R = CONST.)
—
CSNTRIF- CENTRIF-

OVERALL | AXTIAL UGAL CVERALL | 2XIAL UGAL OVERALL
?‘./P1 n., n., n., () (%) ()
13.817 {1 0.892! 0.775 .778 17. 4.2 6.4
10.545 } 0.91 0.786 .788 18.4 10.2 12.9

7.85 | o0.83 0.795 .7836 9.7 13.3 16.0
6.80 | 0.79 €.795 . 7805 4.6 15.0 17.0
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compressor stage. This diameter is obviously larger than the
combustor and/or turbine sizing dictates. Additional com-
pressor design studies might be expected to achieve a reduc-
tion in this diameter but are beyond the scope of this
program,

5.5.1 Mechanical Analyses for Compresgor Rotsrs

Stress and displacement analyses for both the axial and the
centrifugal rotors were performed with use of the finite-
element method. The elemental model is shown in Pigure 40,
The method used permits a good evaluation of displacements
at the hub anc shroud line. This is an essential feature
if such displacements are to be minimized to permit running
with the smallest possible axial and radial clearances.

An extension of the analysis with existing programs could
investigate the inelastic behavicr of the compcnents,

A summary of values obtained is given in Table XXIII.

The detailed results for selected elements are given in Table

XXIV to illustrate the depth of the analysis conducted for
the rotors.

The stress levels in the axial rotor are observed to be
moderate and within the range for a conventional design.

The stress levels obtained in the bore of the centrifugal
rotor are higher than would be acceptable in a current
production rotor, However, they represent the initi;l state
of a design, and subsequent design iterations would in the
normal course reduce stress levels and dirkx flowering to
acceptable limits and improve the burst margin.

The temperature range is suitable for the material chosen

(annealed titanium, 90 Ti-€Al-4V), Should a creep problem
persist in the centrifugal rotor, then a change to titanium

7i-6A1-2Sn-4Zxr-2M0 would be needed,

5.5.2 Mechanical Analyses for Engine Shafting

The gasifier secticn is straddle-mounted and incorporates
conventional zhafting. 3Because of the well-established
mechanical integrity of this type of system, no analyses were
considereG necessary to affirm the mechanical feasibility of
this rotating group.
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SABLE XXIXI, MECHANICAL ANALYSIS POR
COMPRESSOR ROUTORS
Centxifuoga
Average tangential stress, ksi 27.1 71.7
Maxizuz blade stress,
inlet, ksi £7.4 19.8
mum blade stress,
: splitter, ksi - 7.3
mum bore stress, kai 44.1 122.4
rim stress, ksi 34.8 37.0
i ourst speed, rpm 126,200 69,400 (1153)
lacs tip growth, inlet -
radial, inches ¢ 0.0G672 0.0057
lade tip growth, exit,
ragial, iaches §.9053 G.G224
lade tip axiai movement, inch 0.0510 0.0186
ub weight, pounds 0.481 4.527
lade weight, pounds 0.139 0.351
All values at 66,000 xrpm.
Minimum burst speed assumes minimum properties {minus 35)
and a burst factor of 0.9.

—%M

The power turbine isg straddie-mounted and includes an integral
tie~-bolt and power turbine drive shaft. This arrangement was
chosen to effect highex critical speeds for the power turbine
drive shaft than would result for a simply supported guill
shaft aa examinad and reported in Paragraph 5.2.5.

Analvses were made for this mechanical arrangement, and results
are displayed in Pigure 41 for the power turbine shaft
cxitical speeds. The design as finalized (see Figure 39)
resulted in a power turbine drive shaft unsupported length

of 16.6 inches.
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TABLE XXIV. gBCHAHICAgFAgaaggégsgg?gogggsSELECTED
Stress (in ksi) 44{=ﬁ
Tan-
Stage Element {Radial {gentiai|Axial{Shear [Equivalent
Axial | Blade 47 |39.55 0 0.40} 4.46 40.09
Axiai | Disk 20 1.32 34.41 |-2.02)-1,08 34,93
Radial| Blade 70 13.47 0 ~3.,93{-9,06 22,27
Radial {Splitter 34 3.12 0 -0.97]-1.19 4.23
Radialj Disk 38 10.33 51,92 2.38} 4.12 46,62
ispiacements for a typical element, node are:

Element 65, radial 0.0224 inch

(centrifugal rotor rim) axial ~-0,.0186 inch
A1l values at 66,000 rpm.

Figure 42 displays the calculated data for power-shaft radial
spline and bearing loads, The power turbine configured for
this task was sized for 40,090 rpm. The indicated bearing
loads for this case and for an unsupported shaft length (L)
of 16.6 inches show that resultant bearirg loads are feasible
for long-life operation.

Figure 41 shows that the critical speeds and more importantly
the acceptable operating regime is relatively irsensitive to
shaft length from 16 to 19 inches. Similarly, Figure 42 shows
that the radial loads for the spline and bearings are accept-
able for shaft iength of 17, 18, and 19 inches. Based on this
analysis for the A+C compressor it is clear that an AR+C
compressor could be designed for this application and wouid
present no significant mechanical problems.
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6. TaSK III, COMPRESSOR PERFORMANCE PREDICTIOR

6.1 DATA DISPLAY

The final compressor flow path is displayed in Figure 43.

The specification of zero rotor hub exit swirl, combhined with
a transonic inducer-tip relative Mach number, has eliminated
the usual transition secticn length. As the axial conpressor
design was finally configured, the rotor exit hub swirl is
actuvally slightly negative. The inducer-tip relative Mach
number is 1.992 at 60-sercent power.

The estimated compresscr performance characteristics are dis-
played in Pigure 44. The axial compressor performance is a
combination of the efficiency of an existing AiResearch com-
pressor with the range indicated by the upper end of the data
band in Figure 2 . The centrifugal compressor performance
was computed from the same analytical technioues that were
used in the compressor design and which were described in
Section 3. The empirical cerrelations that were used to
desicn the compressor were applied to the compressor geometry
to cbtain the performance at cfi-design conditions. The
empiricism contains correlations used to estimate rotor surge,
choke, slip factor and efficiency, the friction coefficient
for the vaneless diffuser, and the cascade data for the vaned
diffuser.

Included in Figure 43 is the identificaticn of the locations
at which vector diagram data are presented. The vector
diagrams are displayed in Figures 45, 4€, and 47 for the 30-,
80~-, and 100-percent-power points, respectively.

6.z DISCUSSION

The flow range from surge to chcke on the centrifugal compres-
sor and the broadness of the efficiency islands are a result
of the combined contribution of the routior, with its backward-
leaning blades, and the tandem cagcade of the vaned diffuser.
The feature of backward-leaning rotcr blades allows the maxi-
mum rotor efficiency to occur at or near the engine operating
line. 1In this way, the rotor-difiuser system can be matched
to obtain the highest possible stage erficiency. For the
vaned—-diffuser inlet Mach numbers that resulted from the
design study, only the tandem~cascade type of vaned diffuser
has experimentally demonstrated at Aikesearch the flow range
displayed for the centrifugal compressor.
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Compressor Fiow Path, Single-Stage
Axial Plus Centrifugal Compressor,
AVIGV + CPFG.
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The surge-to-choke flow range of the centrifugal compressor
is basically a result of data correlations from existing
in-house compressor rotors and tandem-bladed vaned diffusers.
As such, it revresents a system of components that have been
tested exte=sively. There are, however, other system com~
ponents that could provide the range for the particular
operating line of this program for the case of a centrifugal
compressor preceded by an axial compressor. Reference 2,
page 5, shows a compressor map on FPigure 175, and Reference ¢
shows a compressor map on Figure 19 that could provide
adegquate range. Both these compressors use radicl-bladed
rotors. 1In Refer=nce 2, the vaned diffuser is a rectangular
passage diffuser (vane island); and in Reference &, the 4if-
fuser is conical !zipe diffuser).

Figure 48 shows a dimensionless compariscn of the compressor
map estimated for this study and these taken from References
2 and 6. Included on the comparison are the four operat-

ing points from the final cycle results, The surge line of
tke Boeing compressor paralliels that cf the AiResearch-
estimated map. The Pratt and Wnitney surge line needs more
developnme: t work in the wicinity of the 10C-percent-power
peint. However, on the whole, it is clear that high-pressure-
ratio centrifugal compressors can bc designed with adeguate
surge margin for the conditions {match with axial compressor,
free power turbine, etc.) of this study. The emphasis on
state~-of-the-axt advancement liies on improving the efficiency
level.

The efficiency leveis displayed in Fart B of Figure 44
represer:t values expected to be achieved in a 3~-year develop-
ment pericd. The range required at the 60-percent power
p2inl a: 1 an efficiency of C¢.7¢ at the design-point pressure
ratio ¢f 7.1:1 have been demonstratad. Development of the
compressor was not completed, but examination of tne test
results showed 1.0 percentage point lost because the dif-
fuser design diffusion was not zchieved. With proper redesign
and the vse of a parametric study as outlined in Section 3.2
tc determine the rotor exit blade for optimum system effi-
ciency, a design~point efficiency of 0.786 ir achievable.
Figure 16 shows a l.5-percentage-point incvease in efficiency
between a stage with a radiai-bladed roxor an?d cne with a
blade exit angle of 50 degrees.
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The matching studies concucted on this program reveal the need
for an extended range of surge-free operation for 20-percent-
power cperatican. This is close tc the maximum achieved
experimentally but is not an established design capability.
This is the technological achievement required of the axial
comprasscr in order for the inlet guide vane to be the only
varisble blade row. Otherwise, a variable stator may be
required. This is true whether the axial compressor has one
or two stages. It is possible that the range of surge-free
operation cculd be achieved by exemining influerces such as
blade loading, aspect ratio, and solidity. This was not
undertaken in the design procedure, since it was considered
to be beyoné the scope of a preliminary design task.

In summary, the axial compressor requires a design capability
for a wide range cof surge~free operation, the shift of

the pressure-ratic characteristics with 15° of preswirl change
needs to be established, and the efficiency predicted for the
centrifugal compressor has tc be validated. An alternate con-
figuration to achieve the overall compressor matching would be
a two-stage centrifugal compressor. No variable geometry
wculd be required, since the range of surge-free operation is
well within centrifugal compressor technology. This is
especially true of compressors with roters having backward-
leaning blades.
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7. TASK IV, ENGINE PERFORMANCE PREDICTICN

7.1 GENERAL

A ccmpressor consisting of two axial stages and one centrif-
ugal stage was selected for continuing study as a result of
Pask IA. Very satisfactory performance, showing a clcse
approach tc idealized values, was calculated for this com-
pressor combination with use of vaxiable inlet guide vanes
Juring the study conducted under Task IIA. When preliminary
engine layouts were zttempted during Task IIB, difficulty
was encountered in achieving a satisfactory mechanical de-
sign for an engine employing a concentric power-output shaft.
The inlet hub diameter of the two-stage axial compressorxr
proposed for this engine was too small, in combinaticn with
the vnsupported shaft length required, to achieve {at first
analysis) an acceptable shaft design with the use cf the
materials and technology anticipated to be available in 3
years.

The larger shaft diameter and shorter length provided by a
single-stage axial compressor offered an immediate solution
to the shafting problem. A modified two-stage axial com-
pressor design, in conjunction with moxe detailed shaft
analysis and mechanical design ingenuity, might be expected
to solve the problem, but since preliminary cycle analysis
had indicated only a small (0.004) increase in SPC with a
single-stage axial and a single-stage centrifugal compressor,
this combination was selected for final anaiysis within the
contracted work

7.2 CALCULATION PROCELCURE

Engine performance calculations were conducted for a single-
spocl gas generator operating with a design-point pressure
ratioc of 10.5:1. A single-stage axizal compressor incor-
porating variable inlet guide vanes (AVIGV) and a fixed-
geometry single-stage centrifugal compressor (CFG) were used
in a dirsct-coupled combination. Cycle calculations were
made for 50° decremernts in TIT from 256C°F to :i500°F. & TIT
of 2090°F was 2lso used@ because this temperature was expected
to vield 60-percent power, the design pcint. The cosling air,
9 percent of the compressor airflow, was asswwed to re-enter
the cycle upstream cof the power turbine.
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7.3 OVERALL COMPRESSOR PERFORMANCE

The trend of the overail compressor adiabatic efficiency as a
functicn of power coutput (FPigure 43) iliustrates that the
primary objective of the compressor matching study--cbtainirng
maximum efficiency at 60-percert power--has been achieved.
The maximum efficiency predicted for the actual matched
AVIGV + CPG cocmpressor having adeguate surge margin is 0.788
compared to the maximum value of 0.804 predicted in Task IA
cycle studies. The compressor efficiency decreases by approx-
imately one point at both 20-percent power anéd at 100-percent
power, which indicates good performance over the reguired
power range.

The airflow ratio of about 1.21 required between 60- and 100-
percent power can be achieved by 15° of inlet guide vane
actuation, orening as speed and power increase to 1CG0 percent
and clecsinu as speed and power decrease to 60 percent. As
illustrated on Figure 49, the corrected airflow at 2100 per-
cent power is 3.53 pounds per second--abcut 21 percent
greater than the design airfiow of 3.0 pounds per second,

The decrement of 1.6 points in overalil compressor efficiency
is significantly greater than was anticipated between the use
cf single-stage and two-stage axial ccmpressors. The greater
decrement resulited from the detailed sxamination which the
centrifugal compressor required to produce a pressure ratio of
7.1:1 while b2ing supercharged. Graater lcsses were calculat-
ed than anticipated in the diffuser, both in the vaneless
space and in the vanes.

7.4 GASIFPIER TURBINE FERFPORMANCE

Since the turbine driving the compressors operates at onlily onre
value of corrected flow, work coefficient, and corracted speed
over most of the reguired power turbine output rance, it was
to be expected that the gasifier turbine efficiency would re-
main essentially constant at approximately 0.872 (Figure 49)}.
The actual speed varies frcom z2bout 52,760 rpmx to 64,600 ropm
as the power turbine output increases from 20 tc 100 percant.

At S0-percent power, the gasifier turbine inlet temperature
decreases about 410° froa the maximum valus of 2560°R (25C0°F)
selected for 10C-percent-power operation. This temperatuxe
change is in close agreement with cycle calculations conducted
during Task IA, which exmployed simplified and idealized com-
ponent characteristics for preliminary predictiors.




7.5 POWER TURRINE PERFORMANCE

A maximum efficiency of 89.0 percent is obtained at 60-percent
power (Figure 49). A decrease of 4 points is predicted as
power output is increased to 100 percent, and a decrease

of 12 points as power output is decreased to 20 percent.
Although other design-point selections could@ have been made

to imprcve efficiency at 20-percent power, a sacrifice in
performance at €3 and 100-parcent power would have rsaulted,

7.6 ENGINE PERFORMANCE

The SFC calculated at 60-percent power is 0.491; the 30- and
100-percent power point SFC's are 0.630 and §.452 respectively
For the 60~ and 1GG-percent power points, the SPC values

are approximately 0.012 point or 2.5 percent greater than
estimated during the Task IA preliminary cycle analysis.

At the design point, the power calculated for a 3-pound-per
second-airflow engine is 454.7 horsepcwer for a specific
power of 151.5 horsepcwsr per pound per second. At full
power, the corresponding values are 757.2 hersepower and
208.0 hoxsepower pex pound per second. The predicted per-
formance is believed to be very good for an engine of this
small airflow and power.

The primary reason for the greater SFC calculated for this
engine compared to the preliminary cycle studies is the
lower overall efficiency obtainable with 2his AVIGY + CFG
cempresscr compared to the AAVIGY + CFG compresscr. Even
if the mechanical design problem can ke solved, and it
probably can, an evaluation of the trade-offs between per-
formance and compliexity and diameter versus length will ke
reguired before the best choice of cozmpresscr fer an engine
of this size can be made.
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8. CONCLUSIONS AND RECOMMENDATIONS

8.1 GENERAL

This stuay program has been conducted to explore the compres-—
sor matching considerations appropriate to achieve a useful
combination of axial and centrifugal compressors for small

gas turbine engines {2 to 5 pounds per second). A representa-
tive engine was defined to facilitate this study and is
characterized as fcllows:

1. The turboshaft engine has a front drive,

2. All engine component performance levels are
advanced but considered to be achievable within
a 3-year development period. <Components are
optimized for design-pcint operation, defined
as 60-percent power, and sized for 3.0 pounds
per second flow at the design point.

E 3. The compressor is a combination of axial stages
{(one or two) snd a centrifugal stage.

4. The turbine consists of a gasifier saction,
cooled tc allow ldj-percent-power operation
at 2560°F (TIT}, and a free power turkine,

i 5. The engine operating range is 20- to l00-percent
- power, and performance emphasis is on SFC at
- 60~percent power {first priority) and 30-~percent
power (seconé priorityj.

The conclusions and recommendations presented below are based
on the compressor matching study made for the representative
engine as defined.

8.2 CONCLUSIONS

. 1. The best matching arrangement of a single-spool

e compressor for part-load SFC and surge-free
operation was selected tc be a combinaticen of
variable inlet guide vanes for the axial com-
pressor and fixed geometry for the centrifugal
compressor.

a. & fixed-geometry arrangement yields a poor
match for the axial compressor, resulting
in poor performance and axial compressor
stall at part load.




T g — ———

b, The other cases of variable gecmetry studied,
including c¢-mbinations of variable gecmetry,
offer no acvantage over the selected arrange-
ment,

Twin spooling with fixed geometry yields & good
compressor match for part-ioad perforrance ..nd for
surge~free operation over the operating range.

a, Front-drive requirement complicates this
arrangement to a degree that it could not be
justified.

A single-spool compressor incorporating either a
single- or a two-~stage axial compressor can be
configured to be compatible with the front-drive
requirement.

a. A two-stage axial compressor offers a perform-
ance advantage due to 1.5 points higher
potential compressor efficiency.

A useful corbination of axial and centrifugal
compresscrs can be configured and matched for this
engine to achieve the following performance levels:

3. Single-~-stage axial SFC at 60-percent power,
0.491.

b. Two-stage axial SFC at 60-percent power,
0.479.

Requirements for compresscr state-of-the-art
advancements are identified to be:

a. Develop axial compressor for a broad choke-to-
surge range when ccmbined with variable inlet
guide vanes.

b. Develop centrifugal compressor for increased
efficiency levels while maintaining broad
choke-to-surge range.

The optimum 6C-percent power pressure ratio for

an engine having 2500°F TIT at 100-percent

power is as follows:

a. AA + C compressor, 16.5:1

b. A + C compressor, 10.0:1
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8.3 RECCMMENDATIONS

i.

Conduct limited studies to complement the results of
this program as follows:

(a) Ccmplete the preliminary design, matching
snalyses, and engine laycut studies for a two-
stage axial plus centrifugal compressor (AAVIGV
+ CFG). These studies should prcvide for
direct comparison with the results reported
herein for an AVIGV + CFG compressor, P;/P, =
10.5:1.

(b) Conduct preliminary design, matching analyses,
and engine layout studies for a two-stage
centrifugal compressor with fixed geometry.

The study should provide for direct com-
parison with the AAVIGV + CFG compresscr
in accordance with (a) akove and with the
AVIGV + CFG compressor as reported herein.

Select the best compressor combination for the
engine defined for these studies., If an axial-
centrifugal compressor combination is selected,

then conduct development programs as set forth in
Recommendations 2 and 3 below,

It is recommended that a program be conducted to
develop a two-stage axial compressor meeting the
requirements of the 10.5:i-pressure-ratio engine
cycle. Variable inlet guide vanes and variable

stators should be employed in the developmentz2l

test vehicle to permit economical stage matching
for design and off-design conditions.

If further studv with the two-stage axial com-
pressor configuration indicates more variabie
geometry is neaded than with the single-stage
configuration, it is recommended that a develop-
ment program be conducted to verify experi-
mentally the single~-stage axial plus centrifagal
compressor combination with the variable inlet
guide vanes,
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APPENDIX I

CYCLE ASSUMPTICONS
FOR
ENGINE DESIGN-POINT ANALYSIS

Component efficiencies and other required cycle performance
parameters assumed for the design-point engine analysis are

listed.

(d)

{e}

(g)

(h)

(1)

(1)

Lower heating value: 18,400 Btu per 1b
Sea-level, standard-day performance

Accessory horsepower: 1.5 hp per 1b per sec of mass
flow

Combiistion efficiency: 0.99
Combustor pressure loss: AP/P = 0.04

Mechanical efficiency: 0.98

W
Compressor leakage flow: ﬁk = 1.5 percent
C
Transition duct loss between the gas generator

turbine and the power turbine: AP/P = .02

Compressor efficiency: A two-stage axial plus
single-stage centrifugal compressor was assumed.
The overall efficiency-versus-pressure-ratio
characteristics are as shown in Figure 7 of the
m2in body of this report. As listed in Figure 7,
the 60,000-rpm rotational speed line was selected
for the design-point analysis.

Gasifier-turbine component efficiency: Efficiency
variance for the two-stage gasifier turbine is from
88.7 percent for a pressure ratio of 8:1 to 81.5 per-
cent for a pressure ratio of 20:i. The gasifier
turbine efficiency, on a total-to-tctal basis, was
veried as a function of compressor pressure ratio as
ghown in Figure 50. '

Power turbine efficiency: The total-to-static effi-
ciency is 89.0 percent for the pressure_ratio range
of consideration,
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APPENDIX II

CYCLE ASSUMPTIONS FOR
ENGINE OFF-DESIGN ANMALYSIS

Component performance and other required cycle parameter data
assumed for the engine off-design anaiyeis are presented in
this appendix.

TURBINE CCMPONENT MAPS

Maps for the gasifier turbine are presentad in Figure 51 and
show, respectively, (a) efficiency ratio (nT/nT ) versus
DP
/
BH /Te ) and (b) corrected airflow

isentropic head ratio (AH T
5
pP

(Wg/8s/6g) versus turbine pressure ratio (Pg/P.).
Similar maps for the power turbine are presented in Figure 52.

These maps relate off-design component performance to design
values, Design values for component efficiency have been
estimated for various cycle pressure ratios and are presented
in Appendix I, The combined data represented in these plots
were used to fully define the turbine component performance
for the engine analysis (off-design) as conducted in Task IA
and reported in Section 2.

IDEALIZED COMPRESSOR MAP

A two-stage axial compressor map was matched with a repre-
sentative centrifugal compressor map, and an overall compres-
sor map was determined, Based on this, an idealized compres-
sor map was plotted by noting the maximum pressure ratio and
maximum efficiency for the varicus speed lines. These values
were plotted withcut limiting range versus flow.

The idealized compressor map was then nondimensionalized and

is presented in Figure 53. 1In this figure, efficiency ratio
a 3 3 io | ~1Y/1 ¢ —

(“c/ﬂc,DP) and pressure-rise ratio [(P./P,)-1}/[{P,/P,) LY P

Wn/8./8, .

WlJa‘ 16 ]
L 1:D}?

are plotted versus corrected fiow ratio

NC/GI

epeed ratio -—~————— as a parameter.

No/8:1pp
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This map relates off-decsign component performance to design
values., Design values for componert efficiency have been
estimated for various cycle pressure ratios anéd are presented
in Appendix I.

The variation of efficiency and pressure-rise ratic with
speed in accordance with this map is considered to be repre-
sentative of the peak efficiency and corresponding pressure-
rise ratio of a real two-stage axial plus centrifugal
compressor <onfiguration.

ENGINE ANALYSIS ASSUMPTICNS (OFF-DESIGN)

The engine off-design analysis was based cn the folliowing
assumptions:

{a) Cooling flow was fixed at 9 percent of the compres-
sor through-flow and was assumed to bypass the
gasifier turbire while producing work in the power
turbine consistent with the cooling-air temperature.

{b) Accessory horsepower was varied as a function of
the gasifier speec¢ in accordance with the follcowing:
HP_ .. = CN?,

(c) CgS?ustion e2fficiency was varied as a function of
° /w

T§r7ﬁi57—— in accordance with Figure 54.
sA'DP

(d) Combustor pressure loss was varied as a function of

combustor inlet corrected flow in accordance witn
the following:

(W‘A S
(8P/Ps} L pustor = C1 S (5.9 + Ts/Te)e

(e} Pressure loss for the transition duct between the
gasifier and the power turbines was varied as a
function of duct iniet corracteé flnw in accordance

. 2
with the following: (AP/Ps) 4. . = Ca (W7~,f7)
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APPENDIX III

ENGINE CYCLE RELATIONSHIPS

IRTRODUCTION

The matching of an axial compressor (single-stage or mulci-
stage) to a centrifugal compressor deperds on the link between
cycle requirements at design point and some off-design refer-
ence. Sometimes this link is simply between the maximum rated
power at design point and a surge margin regquirement at an
off-design condition at scme speed below design. In the case
of the present matching study, besides providing for low-speed
surge margin, the compressor match must be such that the
engine power at design speed and flow is 50 percent of the
powexr achievable at some speed above design at a TiT of
2500°F. To achieve a match that satisfies the cvcle regquire-
ments, the compressors muzt be mated in a way that achieves
the pressure ratics, ficws, and speeds at the 60- and 100~
percent-power points.

The objective of the study i tc achieve as small an SFC as
possible at 60—-percent power without sacrificing performance
at full power or stable operation at low power. A necessary
condition for this achievement is the attainment of the high-
est possible overall compressor efficiency at the 60- and
100-percent-power points. A match that satisfies the pressure
ratio, flow, and speed requirements at the two power points
with fixed turbine geometry may not yield the maximum possible
overall compressor efficiency at the two power points or
adeguate surge margin at low pocwer points (30 percent, 20 per-
cent). The cycle requirements may force a match at the high
power points, which occurs off of peak efficiency on both the
axial and the centrifugal compresscr, and which forces low-
power operation near the surge iine of one of the compressors.
Variable compressor gecmetry is then needad to achieve the
desired match.

This section discuss.s the problems involved in the USAAVLABS
axial/centrifugal compressor matching study and the use of
variable inlet guide vanes, variable centrifugal compressor
diffuser vanes, and twin spooling to satisfy all the cycle
requirements.

ENGINE CYCLE ANALYSIS

The gasifier turbine has two stages which are connected
together for the single-spool compressor configuration and
which are separated for the twin-spool configuration. In the
latter case, the first turbine drives the centrifugal
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compressor and the second drives the axial compressor. Nine
percent of the compressor flow is used for cooling in the
gasifier turbine unit. The power turbine is free to rotate
independently of the gasifier turbine; it rotates at a con-
stant physical speed, since the engine is tc be used for heli-
copter application. At the 60- and 100-percent-power points
the gasifier and power turbines are choked.

It can be shown that, because the turkines are choked and
because of the desirability of operating the gasifier turbine
at peak efficiency, the pressure ratio across the gasifier
turbine and its corrected flow and work remain invariant over
the power range from 60 to 100 percent. The constancy of the
gasifier corrected work contributes to determining the physi-
cal speed ratio that influences the compressor match. The
pressure ratio and flow required of the match at 100-percent
power depend on the percentage of power and compressor pres-
sure ratio at the design point and the TIT at 100-percent
power. The proof is shown in the following paragraphs.

Combustor loss, frel flow, and leakage are neglected in this
simplified analysis. If gasifier and power turbines are
choked, then with cooling flow passing back into the flow
path in front of the power turbine,

- =0 L
oy vt e constant (9;

Consequently,

B _ Ay [1e P
P, Ac.\'r,wc
(10)
How the gasifier turbine pressure ratio can be expressed in

terms of its actual temperature ratio and polytropic effi-
ciency; namely,

_Y
(Y-l)n? (i1)
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Equating (10) to (11) and rearranging,

4 1
(v=1)n 2
W
Ta, _[Ts P (12)
W, As \ T,

If the turbine geometry is constant, if the polytropic effi-

ciency iz independent of Ts, and if the percentage of ccoling
flow is constant, then

%ﬁ = constant and %5 = constant (13)
7 ird

Turbine adiabatic efficiency varies with applied pressure
ratio, as shown in Figure 55.

= Constant

Jes

EFFICIENCY

PRESSURE RATIO

Pigure 55. Typical Tarbine Efficiency/Pressure
Ratio Characteristic.

A similar plot can be shown for the variation of ¢ZiZiziency
with correctsd speed for a given pressure ratio, -At peak
efficiency,

lt
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Mg ! ot 0
3 (Ps/P5) i 3 (N/./8s) -
I &
l-——— = Const. Pgs/P; = Const.

In fact, the efficiency curves are flat within experimental
error over a small range of pressure ratios and speeds. If
increase in Ts attempts to move the operating point

tropic efficiency can remain constant Y a certain range of
pressure ratios andéd sreeds. But-if the polytropic efficiency
does not change, then for fixed turbine geometry, the tempera-
ture ratio across the turbine is invariant according to
Equation (12), The gasifier turbine pressure and temperature
ratios are therefore invariant with changes in Tg as long as
both turbines are choked and the operating point is on peak
efficiency. When the gasifier turbine is choked, the cor-
rected flow Wy J3s/5s is constant and must be satisfied as

Ts changes,
The changes in compressor performance as Ts changes
determine the positions of the operating point on the turbine

map., The statements ¢f the previous paragraph are equivalent
to saying that

(g%) = constant (14)
GT

Even though this is true, the values of work coefficient and
rotational speed that combine to give this constant depend on
the compressor work.

The compressor and turbine wcrks can be expressad by

~ _— 2
Wo 8H, = W, K, N, (15)
3 — 3
Wy aHp = Wy K N (16)
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where Kc and KT are kinds of work coefficients based on rota-

tional speed. Equating the left sides of Equations (15) and
{16) and using Eguation (14),

AHC = -\/W ) AHT/Ts) Ts {17)

Hence, the ratic of compressor work at 100-percent power to
that at &60-percent power is

[ w 1
880100 _ ['w'ri Hic! Tsi1gg (18)
A}’:“(:60 [(WTI wC) Ts ] 4 60
Combining Equations (15) and (18),
_ Mp/ W )100 [Te100 . [Fc 60
Ri00 = N0 (w 7R, T \ (19)
7/ 5 60 V X¢ 100

For constant percentage of cooling fiow and compressor.work
coefficients, the compressor rotational speed changes propor-
tionately with the square root of the TIT. However, as com-
pressor efficiency falls off, the less the difference is
between NlOO and NGO For constant gasifier corrected work
{Equation (14)1, turbine work coefficient must be increased as

speed decreases. This can also be observed by equating the
right sides of Equaticns (15) and (16j:

e/ = T @)

For constant percentage of cooling flow, and since

NC/NT = 1 {21)

then

xT/KC = constant (22)
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Hence, as the compressor work coefficient increases, so does
the turbine work coefficient,

To complete the determination of the speed ratio in Equatiun
{(19), it is necessary fo determine the TIT ratio. It can be
shown that this is a function of the compressor eificiency
variation with speed and the selection of the design-point
power ratio,

The power ratio, PR, is the power at design point (DP) divided
by maximum power {100).

_ 8Hprpp ¥pp

8851900 Y100

(23)

PR

The compressor specific work can be expressed in terms of its
pressure ratio and polytropic efficiency, Yigpe 28

Yn
(Pe/P2) CF -1 ¢, T (24)

R

The gasifier turbine pressure ratio can be expressed in terms
of the compressor work., From Equations (24) and (17),

’—(—-l‘—— ——-\;——_—
] y-=1)n (y-1)n
B _ [T ol e T
P7 k T'] CP T7
7
=1 )
C, T, ¥ Yhap | | Y~Hnee
= 1l + "—‘L———P c {'&) -1 ‘

Cp T, [\B

The pressure xatio across the power turbine at design-point
power is
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121> } (P‘/P1)DP
(5)oe

Pe (7=7%7)e (25)
(P‘/Px)DP

y-1 — Y
Yep (v=1)nqp

Cp, T2 Wo P

1+ ode—= L -1
Cp. T7 Vi P,
7 Jpp

The power turbine enthalpy change at design-point power is

then
v (B
Py _\P;/100 (27)
Pg Ps
100 (P,)
Dp
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Substituting Equations (25) and (26) intec Equation (23), we

get
. “?‘ rp
(P/Py) p — - -1 (cP’T.,x,)DP(;,_)DP
c, T, W Ycp (v~ g
1 ¢l Bt € P, -1
] S, 1o ¥y P, ] ]
PR = oP —T {28)
| fres) T
P Py B
10°V"1 1% _1")._ -1 (CP’T"")IOD (%)100
| [1 ) (_.__) (2™ ” T |
- CP’ T, w.r ‘P;
14 DP
Since the turbines are choked, and using Equation (13),
- n 7/
Yoo [T _ ¥opp | /T‘DP (P4/P1)pp (29)
- T
WiooV T7i00 %100 V Tei00  (Pe/Pidigo
, y-1 -
(@, (BL™
Tr/op _ _\"7 Jop
Ts y-1 Tipp
P,
© /100
y-1
. Ty "rp
Pe/P
_tPe/Prlpp
B y-1
Yy Trp
piéyz
24/ l100

Since
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(B B
7/pp _ 100 (30)
(), ek
T, =+l v TP
, 100 (P1>
DP
again, frca Equation (13),
Tg \
109
*7100 = T7pp (TsDD/ (31)

Since

Te Tg
T, = =
7 (&) y-1
Ta cp Tiffp. \TcP /¥
1 +E_1T_ -P—i- -1 \—
P, 7I\%? o
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then

—y=1
Y ~
_ Cp Ty p. \' cp W
T-, -Ts - 4 _1 —
DP "®DP T C P, W
P, T
Equation (31} becomes, after substituting (32),
x-1
Y
. . Cp, T1 ] /p, ¢ -1l W
7100 5pp ~ C P, l W,
7 pp Dp DP

Substituting Equations (29),

(32}

Ts100 (33)
Tepp

(30) and (33) into Equation (28),

we get
=1
PP ) i =
r - (v-ir.n,
“Tcr o
ol | )
1 - Je2 op -1 (34)
f ;e
» e, T .\ c? =t
& U2 J ey, - 22 = (2‘) -1 Pe YT
Pa[\Taypof 2100 TS, u F, (C? ;4‘,..) &
“'op op 3 s . o2 L %1 /100 -t
2
= ., (e 7 Fokoof o VT e
(4 Paly00 \;:lap
Y
*ir,
1
e b
C '.'_. .?_A -1 _C
s % brd 'T DF
1+ — L T -1
o
(=]
[7 c, T, i l
o) 22 () )
[\ "o F Paop v’os l /or
L J)
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Combining Equations (1g) and (24), we get

- y=1 -
‘fncp W
Py -1 T
T 51 ’b
ce _ L DP J 1oe (35)
Ts100 PR —
{ YTep W
Py -1 ._T)
\F1 Yoy
8 100 B ~'DP

Bquations (34) and (35) show that the compressor pressure
ratio at 100-percent power is a function of the compressor
pressure ratio at design-point power, the TIT at 10C-percent
power, and the fraction of compressor flow used for turbine
cooling at design point aznd 100-percent power, under the
assumptions of negligible differences in cP and the cowmponent

polytropic efficiencies over the power range. For the
matching study,

WP/WT = constant

Therefore, the compressor pressure ratio is fixeé for speci-
fied vali=s of power fraction at design point and TIT at
10C-percent power. In consequence, the TIT ratio between
design point and full power is determined [Equation (35)), at
is also the flow ratio [Equation (29)}). For the present study,
the power percentage at design point is 0.60 ané the TIT at
100- percent power is 2500°F.

Note that the pressure ratio, TIT, and flow ratios between
design peint and 109-percent power are the same whether the
compressor is single- or twin-spooled. The speed relation-
ship in Equation {21), however, is trve only for a single-
spool compressor. In the case of the twin-spool configu-
raticn, the flow and pressure-ratio fractions will deter-
mine the speed ratio. The axial compressor has a larger
corrected flow difference than the centrifugal compressor
hetween 60-and 100-percent powers. Consequently, the axial
compressor speed ratio wiil increase with twin spooling. The
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centrifugal compressor corrected flow ratio depends on the
inducer inlet ccnditions. The axial compressor pressure ratio
will rot change with spool configuration, but the efficiency
can change as a result cf the speed ratio, If the match is
nsaxr peak efficiency, the change will be small, and, hence,
the centrifugal compressor speed ratio will change very little
with change in spool configuration.

The power ratio can be written as

y-1 I -
TP
22 1 W Py Y
P P J Py Ta C =%
LY DP P1 100

C
PR = -3
== neo y-1
PE/“ 1 100 ! / v. Y Y rp
P - lJ CP T-, WC ) ‘IT‘
i\"e \ 7 100 V" 1/pp

Assuming constant specific heat, substituting Equations {29}
and (35), and rearranging, we get, for constant conling-flow
fraction,

v-1 r v=1 /2 T ¥-1 ]
/ “eop Ynep y ‘rp
S I W Y I e
1 1 3 ]
- bP 160 L\ 100 ] |\ "/or i
=T = v-1 e r 1
v TP / “cp v “rp ]
Py (Es Py 1 e\ e/ %) 100
N B, s - Pol PP -1
1 /100 \P : PalfPe/Pa)0p
: o L\ /op ] ¢ 3

If the right side of Equation (38) were constant or changed
very lititle with power turbine press.re ratio, the ratio of
the compressor pressure ratio at the twe power pcints would he
constant or would change very little. The power turbine pres-
sure ratio at design point depends on the TIT at design point.
A fixed ratic of pressure was assumed, and the right side of
Eguation (35) was evaluated at four TIT's: 1600°F, 1800°F,
2000°F, and 2200°F. The ratio of the value cf the right side
of Eguation (36) at 2000°F to that value at any other temper-
ature is plotted in Figure 56. The plot shows that the right
side of BEquation (36) is approaching a constant value at
temperatures above 2000°F. 1In fact, it vasies 3 percent
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between 1900°F and 2200°F. To a first approximation, then,
the change in pressuxe ratio between design point and full
power is determined by the power ratioc. This, in turn, means
that the flow and TIT rotios are set by the power ratio., To
a very close approximation, then, £for design-point TIT above
2000°F, the flow, compressor pressure-ratio, and TIT ratios
are determined by the specification of design-pocint power
fraction.

gquation {36) can then be rewritten as

P 1 Y“l ./

- \1";1';1 TP fp,p\ CP 142

X l‘ b 1'; -1
\P1 /350 L 100 . _ CONSTANT (37)

v—-_l- r vl T PR

B Y T, \Y"ep

3% l pé.‘,Pii t -1

CH pp L

Equation (37) shows that thz compresscr pressure-ratio dif-
ference increases as power ratio decreases. Thus, the lower
the specified design-point power £fraction is, the more dif-
ficult the ccmpresscr matching becomes. Relative flow and
pressure~-ratio values between design point ané 100-percent
power increase; thus, avaiiable flow range from surgs to
choke is taken up. The TiIT at design powzr decreases; thus,
SFC for a given design-point pressure ratio ie raised.

If the compressor polytxopic efficiency change fron design
point to 100-percent power is very small, Eguation (37) shows
that the pressure ratio at l)0-percert power is primarily a
function of design-pcint powar ratio for 2 given value of
design-point pressure ratio. Under the same assumption,
Equation (35) shows thiat the TIT ratio is deternmined by the
design-point and 100-percent power-point pressure ratios.
Therefore, the temperature ratio is also determined primarily
by the power ratio. Consequently, the speed ratio in
Equation (19) is primarily determined by the design-point
power ratio, for fixed percentage of cooling flow and com-
pressor work coefficients between design point and 100-percent
power. Finally, Equation {29} shows that under the same
logic, the flow ratio is also determined from the selection of
design-point power ratio.
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APPENDIX IV

INLET GUIDE VANE ANALYSIS

The purpose of this appendix is to derive and display the
relationships that were used tc shift the pressure ratio air-
flow characteristics of the axial compressor with the appli-
cation of preswirl. The theory is applied to aerodynamic
conditions at the mean line of the axial compressor rotor.
Two-dimensionality {constant streamline radius) is assumed,
along with the constancy of the axial velocity across the
rotor. The equations are derived for a reference condition
of the same inlet air angle {relative to the rotor) at the
zero preswirl reference peint and the nonzero preswirl point
cf interest.

The stage pressure ratio can be written in terms of the tem-
perature for the ideal enthaipy rise and stage efficiency.

Y _ Y _ _IT
s\ v-1 C,AT" v-1 n.0B | YT
.P_z. = -—3-—T =11 + P = {1 + __.C
B, \T, CpTa c,T
X _
o Y-—l
UAW
PI gJCPTI
X _
UV (TN TNB3 ) vt
81~Th83
= {1+ nc = (38)
gJ\.PTl )

The arial velocity can be written as

U

V. = e
z = TNB,+TNS

(39)
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Substituting Equation (39) into Equation (38} we get
X _

e -1
TNE | +TNB (m'i"w’)l (#0)
2a_ 14— 8
P, gJC,T, ]

The flow change is computed from the continuity equation.

p
={.5
Vo = g, V2 = (pt) 9t1Vzﬂxl1
i
1l
— 1
t -t y-1
AT
= (‘i‘—-) Dt VzA:Ll: = !1—' ‘.E,?j Ctivzbl}-l
1
=
. vy-1
\ zszcaas
WC =il- ZQJCPT]_ p;.lvaill
) ) 1
] u® SEC?B vt A U
s s Pe, B2 (41)
(THE, +THB ) 203C,T; | 1¥TRE,

Eguations (40) and (41) were used to compute the folliowing

ratios: 4
118 _#o L3 4o Sséa
%:— %:— -1 %o
= = g =
38 0 38 0 &=
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Make the following pen and :nk change:

F:gure 4, page 11 - The ordiniate values shown on Figure 44 are
in error by 5 percentage points. The ordinate
should be changed te encompass efficiencies
of 75 1o 100 percent rather than 70 to 95 percent
as now shown.




