
AN EXPERIMENTAL INVESTIGATION IN THE COOLING 

OF A LARGE GAS TURBINE WHEELSPACE 

A THESIS 

Presented to 

The Faculty of the Division of Graduate Studies 

By 

Francis W. Yep 

In Partial Fulfillment 

of the Requirements for the Degree 

Master of Science in Mechanical. Engineering 

Georgia Institute of Technology 

October, 1977 



AN EXPERIMENTAL INVESTIGATION IN THE COOLING 

OF A LARGE GAS TURBINE WHEELSPACE 

Approved: 

W. 0. Winer, Chairman 

'D. M. SaSSorn I 

G. T. Colwell 

57 H. Rus Rust 

Date approved "by Chairman S" .Rg^.Tf 



ii 

/ACKNOWIEDGMENTS 

Acknowledgment is made to Dr. Winer for his suggestions, support 

and encouragement and- the freedom he granted to the author to conduct 

the experiment independently making it more challenging and a truly 

engineering problem to tackle. 

Thanks also go to Dr. Sanborn who took the time and interest 

reading and commenting on the first thesis draft and Dr. Corley, who 

helped in the computer program. 

The participation of Scott Bair, Bill Brock, Bob Byron and Bill 

Chen in setting up the equipment and running of the experiment are 

greatly appreciated. Acknowledgment is also made to secretaries Elaine 

Fletcher and Jackie Van Hook in typing the manuscript. 

Finally, the author expresses his deep appreciation to the General 

Electric Company, Large Gas Turbine Division and the Georgia Institute 

of Technology, School of Mechanical Engineering for the support of the 

research and the research assistantship. It is hoped that the result of 

this almost one year effort is beneficial to General Electric, Georgia 

Tech, the thesis advisor and the writer himself. 



TABLE OF -CONTENTS 

Page 

ACKNOWLEDGMENTS . . * . . . . . . . . . . . . . . . . , f f . . ii 

LIST OF TABLES . . . . . . . . ? . . . . . . . . . . . . . . . y 

LIST OF ILLUSTRATIONS . . . . . . . . . . . . . . . . . . . . . vi 

SUMMARY . . . . . xi 

Chapter 

I. TECHNICAL BACKGROUND . . . . . . .. . . \ . . . . . . . . 1 

II. EQUIPMENT . 3 

Measurements 

III. TEST PROCEDURES 15 

Experimental Procedure 
Data Handling 

IV. DISCUSSION OF RESULTS . 22 

Rotating Seal Geometry 

V. CONCLUSIONS AND RECOMMENDATIONS 91 

Appendices 

I. COMPUTER PROGRAM WS1 FLOW CHART . . . . . . . . . . . . 93 

II. GRAPHS OF TEMPERATURES, PRESSURES,, AND SEAL PRESSURE 
DIFFERENTIALS AS A FUNCTION OF COOLING FLOW RATES 
FOR TESTS LISTED IN TABLE 5-1 H I 

IIIA. TEMPERATUEE DATA . . 114 

IIIB. AVERAGE PRESSURE VERSUS COOLING CURVES . . . . . . . . . 152 

11IC. LOCAL SEAL PRESSURE DIFFERENCE VERSUS COOLING CURVES . . 191 



IV 

TABLE*'OF FOMENTS (Continued) 

Appendices Page 

HID-. OUTER SPACE PRESSURE DISTRIBUTION . . . . . . . . . . . . 228 

IVA. MECHANICAL DRAWMGS OF WHEELSPACE APPARATUS . . 232 

IVB, PHOTOGRAPHS OF WHEELSPACE APPAMTUS . . . . . . . . . . . 239 

BIBLIOGRAPHY . , . * 246 



V 

^LIST OF TABLES 

Ta"ble Page 

2-1. Thermocouple Identification . . . . . . . 13 

2-2. Pressure Tap Location . . . . . . . . . . . . . . . . . . ^ 

3-1A. Test Description, Test Series I , . 18 

3-13. Test Description, Test Series II . 19 



LIST OF ILLUSTRATIONS 

Figure Page 

2-1. General System Schematic . . . . . . . . . . . . . . . . 4 

2-2. The Wheelspace Seal Nomenclature . . 7 

2-3. Coordinate Location Definition for T/C and Pressure . . 9 

2-4A. Instrumentation Sensor Location . . . . . . . . . . . . 10 

2-4B. Instrumentation Sensor Location . H 

3-1A.. Rotor Sea 1 Geometry, Test Series I . .• . . . . . . . . . i 6 

3-1B. Rotor Seal Geometry, Test Series. II . „ 1 6 

3-1C Rotating Seals - PT18, PT18A and PT19 • . . . . . . . . . I 7 

4-1A. Wheelspace Temperature in Fore and Aft Position 
(B4 and C4) Tests F1A1 Baseline . . . . . . . . . . . . 24 

4-IB. Wheelspace Temperature in Fore and Aft Position 
for Several Rim Spacings (B4 and C4), Tests F1A1, 
F2A6, F3A7, F4A8 . . . . . . . . . . . . . . . . . . . . . 2 5 

4-1C. Wheelspace Temperature in Fore and Aft Position 
for Several Radial Seal Clearances (B4 and C4), 
Tests F1A1, F8A14., F9A15 . . . . . . . . . . . . . . . . 26 

4-ID. Wheelspace Temperature in Fore and Aft Position 
for Several Rotor-Stator Inner Spacings (B4 and C4), 
Tests F10A16, F17A17, F1.8A18 . . . . . . . . . . . . . . 27 

4-2. Temperature at Position B4 for Forward Rotating Seal 
Geometry PT18 (il) and PT19 (i) . . . . . . . . . . . . 29 

4-3. Pressure at Position B4 for Forward Rotating Seal 
Geometry PTl8 (il) and PT19 (i) 30 

4-4. Local Coolant Flow Across Radial Seal for Two Different 
Forward Rotating Seals, PTl8 (il) and PT19 (i) 
(Circumferential Position 3) • •• •.. • • . . . . . . . 31 

4-5. Temperature at Position C4 for Aft Rotating Seals • '" 
PT18 (I) and PT18A (II) . . . . „ . . . . . . . . . . . 32 



VI 

LIST OF ILLUSTRATIONS (Continued) 

Figure Page 

4-6. Pressure at Position Ck for Aft Rotating Seals PTl8 (i) 
and PT18A (II) . . . . . o f . . 35 

4-7. Local Coolant Flow Across Radial Seal and for Two 
Different Aft Rotating Seals, PT18 (l) and PT18A (il) 
Circumferential Position 3 . . . . . . . . 33 

4-8A. Rim Spacing Effect on Temperature,, Seal PTl8, 
Position C2 . 36 

4-8B. Rim Spacing Effect on Temperature, Seal PTl8, 
Position Ck , 37 

4-8C. Rim Spacing Effect on Temperature, S al PTl8, 
Position B4 . . . . . . . . . . . . . . . 38 

4-9. Rim Spacing Effect on Pressure, Seal PTl8, 
Position Ck 39 

4-10. Aft Local Flow Across the Radial Seal for Different 
Rim Spacing, Seal PTl8, Position 3 . . 40 

4-11. Rim Spacing Effect on Pressure, Seal PT18, 
Position B2 . . . . . . . . . . . . . . . . . 41 

4-12. Rim Spacing Effect on Pressure, Seal PTl8, 
Posit ion B4 42 

4-13A. Rim Spacing Effect on Temperature, Seal PT19, 
Position B2 . . . . . ' 43 

4-13B. Rim Spacing Effect on Temperature, Seal PT19, 
Position Bk . . . . . . . . . 44 

k-lk. Rim Spacing Effect on Forward Local Flow Across 
the Radial Seal, Seal PT19, Position 3 V . . . . . . . . 46 

4-15. Rim Spacing Effect on Pressure, Seal PT19, 
Position B4 . . . . . . . *7 

4-16. Rotor-Stator Inner Spacing Effect oh Temperature, 
Seal PT18, Position B4 . . . . . . . . . . . . . . . . . 48 



LIST OF ILLUSTRATIONS (Continued) 

Figure Pag 
4-17. Rotor-Stator Inner Spacing Effect on Temperature, 

Seal PT18, Position C4 . . . 0 . . . . . . . . . . . . . 49 

4-18A. Rotor-Stator Inner Spacing Effect on Temperature, 
Seal PT18A, Position C3 . . . . . . . . . . . . . . ' . . - . 51 

4-18B. Rotor-Stator Inner Spacing Effect on Temperature, 
Seal PT18A, Position C4 . . . . . . . . . . . . . . . . 52 

4-19. Rotor-Stator Inner Spacing Effect on Pressure, 
Seal PT18, Position C3 . . . „ . . . . . . . . . . . . . 53 

4-20A. Rotor-Stator Inner Spacing Effect on Pressure, 
Seal PT18, Position B4 . . . . . . . . . . . . 54 

4-20B. Rotor-Stator Inner Spacing Effect on Pressure, 
Seal PT18A, Position C4 . . . . . . . . . 55 

4-21. Rotor-Stator Inner Spacing Effect on Aft Local Flow, 
Seal PT18, Position 3 . . . . . . . . . . . . 56 

4-22A. Rotor-Stator Inner Spacing Effect on Forward Local 
Flow, Seal PTl8, Position 3 • • ' 57 

4-22B. Rotor-Stator Inner Spacing Effect on Aft Local Flow, 
Seal PT18A, Position 3 . . . . . . . . . 58 

4-22C. Rotor-Stator Inner Spacing Effect on Aft Average Local 
Flow, Seal PT18A . . . . . . . . . . . . . . . . . . . . 59 

4-23. Radial Seal Clearance Effect on Temperature, Seal PT19, 
Position B3 . . . . . . . . . . . . . . . . . . . . . . . . 61 

4-24. Effect of Radial Seal Clearance on Temperature, Seal 
PT19, Position B4 . . . . . . . . . . . . . . . . . . . 62 

4-25. Effect of Radial Seal Clearance ofi Pressure, Seal PT19, 
Position B̂4-- ....'.••. 63 

4-26. Effect of Radial Seal Clearance on Forward Local Flow 
Across Radial Seal, Seal PT19, Position 3 . . . . . . . 64 



IX 

LIST OF ILLUSTRATIONS (Continued) 

Figure Page 

4-27A. Effect of Radial Seal Clearance on Temperature, Seal PTl8, 
Position B3 . . . . . . 65 

4-27B. Effect of Radial Seal Clearance on Temperature, Seal PT18, 
Position B4 . . . . . . . . . . . . . . . . . . . . . . . . 66 

4-28A. Effect of Radial Seal Clearance on Pressure, Seal PT18, 
Position B3 • . . . . 67 

4-28B. Effect of Radial Seal Clearance on Pressure, Seal PT18, 
Position B4 . 68 

4-29. Effect of Radial Seal Clearance on Forward Local Radial 
Seal Flow, Seal PTl8, Position 3. . . . •' • 6 9 

4-30A. Effect of Radial Seal Clearance on Temperature, Seal PTl8, 
Position C3 70 

4-30B. Effect of Radial Seal Clearance on Temperature, Seal PTl8, 
Position C4 . . . . „ 71 

4-31. Effect of Radial Seal Clearance on Pressure, Seal PTl8, 
Position C4 . . . . . . . . . . . . . . . . 72 

4-32. Effect of Radial Seal Clearance on Aft Local Flow Across 
Radial Seal, Seal PTl8, Position 3 73 

4-33A. Effect of Radial Seal Clearance on Temperature, Seal PT8A, 
Position C3 . . . . 74 

4-33B. Effect of Radial Seal Clearance on Temperature, Seal PT8A, 
Position C4 . . 85 

4-34. Effect of Radial Seal Clearance on Pressure, Seal PT18A, 
Position C4 . . . . . . 76 

4-35. Effect of Radial Seal Clearance on Aft Local Flow Across 
Radial Seal, Position 3 . . . . . . . . . . . . . . . . . . 77 

4-36. Effect of Rim Flow on Pressure, Seal PT19, Position B4 . . 79 

4-37. Effect of Rim Flow on Pressure, Seal PTI8, Position C4 . . 80 

4-38. Effect of Rim Flow on Pressure, Seal PTl8, Position B4 . . 81 



X 

LIST OF ILLUSTRATIONS (Continued) 

Figure Page 

4-39. Effect of Rim Flow on Temperature, Seal PTl8, Position B4 . . 83 

4-40. Effect of Rim Flow on Fo2*ward Local Flow Across Radial Seal, 
Seal PT18, Position 3 . 84 

4-41. Effect of Rim Flow on Temperature, Seal PTl8, Position C4 . . 85 

4-42. Effect of Rim Flow on Aft Local Flow Across Radial Seal, 
Seal PTl8, Position 3 . . . . . . . . . 86 

4-43. Effect of Rim Flow on Temperature, S al PT19, Position B4 . . 87 

4-44. Effect of Rim Flow on Forward Local Flow Across Radial Seal, 
Seal PT19, Position 3 . . . . . . . . . . . 8 8 

4-45. Effect of Wheelspeed on Temperature, Seal PTl8, Position C4.. 89 

4-46. Effect of Wheelspeed on Pressure, Seal PT18, Position Ck . . 90 



SUMMABY 

Due to the heat conducted through the wheel and stator of the 

turbine and the radial inflow of hot exhaust gases, high temperatures 

occur in the turbine wheelspace. Cooling of a turbine disk by com

pressed air from the compressor represents a loss of compressed burner 

inlet air. Therefore it is desirable to use the minimum cooling air, 

consistent with turbine wheel temperature limitations. 

It is known that the gemoetry of the rotating seal, the rim 

spacing, the inner rotor-to-stator spacing, the radial seal clearance, 

the amount of rim flow and the wheelspeed can affect the wheelspace 

temperature. 

The rate of wheelspace temperature decrease with increased 

cooling flowrate depends on the combination of seal geometry and 

operating conditions. The rotating seal geometry, rim spacing and the 

rotor-to-stator inner spacing play a major role in wheelspace cooling. 

It was also found that the effect of the radial clearance between the 

rotating and stationary seal, the amount of hot gas flow in the outer 

rim space and the wheelspeed on. wheelspace temperature are less 

pronounced. 
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CHAPTER I 

TECHNICAL BACKGROUND 

This investigation is a continuation of the Phase I large gas 

turbine wheelspace cooling studies [1,] Its objective is to determine 

experimentally the relationshi}} among cooling* air flowrate, seal 

geometry, wheelspeed and system temperatures to provide design criteria. 

Many previous studies have been concerned with the fluid mechanics 

and heat transfer on a rotating disk. Several of these have been 

directed toward turbine design. A report by Hoeft [2] reviews wheel-

space cooling for General Electric turbines through 1973* Bayley 

et al. [3] and Haynes et al. [h"] studied the case of a shrouded disk. 

Owen, Haynes and Bayley [5] report a combined experimental and theoreti

cal investigation of the heat transfer from an air cooled rotating disk. 

Chao and Grief [6] , Metzger [7>8] and Koosintin et al. [9] also did 

related investigations. 

The inflow of hot gases is governed by the; static pressure 

difference in the radial direction on the stationary wall. This 

pressure difference is in part due to the centrifugal forces created by 

the fluid motion. It is found that the shape of the stationary wall 

surface as well as the rotating disk affect this pressure gradient, thus, 

the radial inflow of hot gases 'and outflow of cooling air. Uzkan studied 

different stationary wall geometry with and without radial through flow 

[10 and 11]. The effect of the rotating wheel shape was also evaluated 
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by him [12]. 

Uzkan's results gave insight into the fluid "behavior on a 

rotating wheel and stationary wall. However, in order to apply his 

results to actual turbine design a complete housing must be present. 

This led Edelfelt [13,1^] to continue ttekan's investigation. 

As the wall and/or the rotor geometry is changed, the drag 

forces as well as the static pressure are altered. In order to gain 

a better understanding of the fluid behavior between the turbine disk 

and its stationary wall on different geometry, Mani [15] made a series 

of experiments by varying the inlet condition, stator seals and over

lapping stator and rotor seals. Mani found that overlapping seals are 

very effective in reducing the radial inflow at the rim, and reducing 

the axial clearance can reduce the critical throughflow. No penalty 

of torque increase was found with these changes. 

In the study reported here a ko inch diameter wheel is incor

porated in a casing designed specifically to permit extensive changes in 

both rotating and stationary seal geometry. Both hot rim flow simu

lating working fluid and wheelspace cooling air, are provided. Station

ary blading is provided in the casing to turn the rim flow in such a 

way as to simulate direction and magnitude of hot rim flow over the seal 

area. The system is heavily instrumented for temperature and pressure 

measurements. Three rotating seals were employed. The system is highly 

flexible and could be used for further seal studies in addition to those 

reported here. 
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CHAPTER II 

EQUIPMENT 

Figure 2-1 shows a schematic of the testing facilities at 

Georgia Tech employed in this study. A ko- inch diameter wheel with 

forward and aft rotating seals is mounted on two hearings in the walls 

of the housing. The wheel is driven "by a propane fueled Chrysler 

Industrial engine through a two inch drive shaft. The engine and the 

drive shaft are connected "by a belt and a Twin Disk hand operated dry 

clutch. The drive shaft is underneath the engine, supported by two 

pillow blocks and attached through a Lovejoy flexible coupling to the 

shaft of the wheel. The wheelspeed is varied continuously up to about 

3000 rpm by adjusting the throttle of the engine. A Hasler manual 

tachometer held against the wheel shaft is used to measure the wheel-

speed. 

Hot air, simulating turbine working fluid, is supplied by a 

Worthington two-stage piston air compressor connected to a combustion 

chamber. An air-propane mixture is electrically ignited in the chamber. 

Propane supply, and hence temperature, is controlled pneumatically by 

a Taylor Instruments Temperature Controller. The hot air was typically 

supplied at 250F. The amount of hot air flow is controlled by a valve 

or by adjusting the compressor capacity. Air flowrate can be varied 

from two to four lbm/s. The flow rate through the combustion chamber 

is measured with an orifice plate flowmeter located upstream of the 
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AIR SUPPLY FROM 
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— @ COMPRESSOR 

COMPRESSED AIR 
FROM AIR LINE 
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Figure 2 - 1 . General System Schematic 
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1. 500 gallon propane tank 
2. Regulator 
3. Pressure gage 
4. Emergency switch 
5. Spark plug 
6. Combustion chamber 
7. Orifice plate flowmeter 
8. Control valve 
9. Mercury manometer 

10. Taylor instrument temperature controller 
11. Hot air line 
12. A i r control valve 
13. A i r l i ne pressure qage 
14. Pulley and be l t 
15. Twin disc hand operated dry clutch 
16. Chrysler i ndus t r ia l engine 
17. Pi l low blocks 
18. 3-drive shaft 
19. Lovejoy couplings 
20. Nozzle 
21. Buckets 
22. Jack screws 
23. Rotating seals (forward and a f t ) 
24. Rotor 
25. Radial seal 

KEY TO FIGURE 2-1 

26. Rim seal 
27. 10 hp cent r i fugal blower 
28. Forward cool ing a i r 
29. A f t cooling a i r 
30. Or i f i ce plate flowmeters 
31. Merian #3 f l u i d manometers 
32. Leed-Northrup mul t ipo in t recorder 
33. Thermocouple-cooling a i r temperature 

measurement 
34. 56 thermocouples at different forward 

and aft wheel location 
35. 24 pressure tap lines 
36. 54 pressure tap lines 
37. Pneumatic Taylor Instrument controller 
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chamber. Fifteen heavy duty rubber hoses are used to provide distribution 

of hot air to the housing. The hot air is exhausted directly to the 

atmosphere from ten openings in the housing. 

Cooling air is supplied by a ten hp electric driven centrifugal 

blower through two ducts. An orifice plate flowmeter is placed in each 

of these ducts to measure the amount of air flow. Six flexible hoses, 

three on each duct, are used to provide cooling in the forward and aft 

sides of the housing. 'The blower provides air up to 1.3 lbm/s. The 

amount of air flow can be varied by restricting the inlet of the blower. 

The hot air, cooling air and surrounding ambient air temperatures 

are measured with copper constantan thermocouples connected to a Leeds 

and Worthrup multipoint recorder. 

A detailed schematic of the wheelspace seal area is shown in 

Figure 2-2 and the working drawings of the wheelspace apparatus "are 

included in Appendix 1A. The -̂0 inch wheel acts as a rotor. The rotor-

to-stator rim spacing (A in Figure 2-2) can be varied from 0.1 inch to 

0.6 inch by adjusting the jack bolts in the housing wall. The inner 

rotor-to-stator spacing (D in Figure 2-2) can also be adjusted in the 

same manner from 0.75 inch to 1.5 inch* Seals and spacers of different 

width and thickness are available so that the radial seal clearances 

(C in Figure 2-2) as well as the radial seal overlap (B in Figure 2-2) 

can be varied. The radial seal clearance can vary from 0.05 inch to 0.20 

inch. The radial seal overlap was held constant at 0.05 inch for all 

tests reported. 

Stationary buckets at the axial position of the wheel and nozzles 



A: Rotor-to-Stator Rim Spacing H 
B: Radial Seal Overlap I 

(Constant at 0.05 inch) J 
C: Radial Seal Clearance K 
D: Rotor-to-Stator Axial Inner Spacing L 
E: Rim Gas Flow M 
F: Buckets N 
6: Nozzles 

Forward Stator 
AFT Stator 
Rotating Seals 
40" Diameter Rotor 
Wheelshaft 
Spacers 
Radial Seal 

Figure 2 -2 . The Wheelspace Seal Nomenclature. 
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upstream to these buckets are present, so the flow behavior (direction 

and magnitude of the velocity) is comparable.to that of an actual turbine 

wheel. 

Mechanical drawings and photographs of the equipment are presented 

in Appendix I. 

... Measurements 

Thermocouple and pressure tap locations are designated by sub

scripts (T and P ). The first subscript (x) indicates the axial 
v xyz xyz' -̂  v / 

location, the second (y) the radial position and the third (z) the cir

cumferential position. The coordinates for the positions are shown in 

Figure 2-3. 

It is convenient to average the values of temperature or pressure 

from different circumferential positions for some discussions. When this 

is done two subscripts (x,y) are used indicating the axial and radial 

position, and the value reported is the average of the circumferential 

locations for that x and y. 

Temperature Measurements 

Fifty-six cooper-constantan thermocouples are used to measure 

the temperature at different 3.ocations. Twenty-eight are on the aft 

side and 28 on the forward side. These thermocouples are distributed 

radially at three circumferential positions 120 apart. They are 

mounted on the wheelspace wall, radial seal area and axially along the 

crossflow space. Figure 2-k shows the locations schematically. Photo

graphs in Appendix I -B show typical temperature and pressure sensor 

installations. 



X = E D C B A F Y = 

AFT 

56 THERMOCOUPLES T 

102 STATIC PRESSURE TAPS P 

Z=3 

VO 

Figure 2-3. Coordinate Location Definition for T/C and Pressure. 
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PBOF PCOF 
PBOE PCOE 

BOD HCOD 
PBOC PCOC 

PBOB PCOB 

56 THERMOCOUPLES 
102 PRESSURE TAPS 

PBOA PCOA 

PB03 PC03 '803 

PBOJ PCOJ 
P P KBOK rCOK 

PBOLPCOL 

TB04 TC04 PB04 PC04 
TB24 TC24 PB24 PC24 

Figure 2 -4B. Instrumentation Sensor Location. 

*\ PB0M PC0M 
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By connecting the thermocouples to a Leeds and Northrup 

multipoint recorder the temperatures are obtained, Table 2-1 indicates 

the relationship between recorder position and thermocouple locations. 

Pressure Measurements 

Seventy-eight static pressure taps are present. Thirty pressure 

taps are distributed radially along the wheelspace walls and axially 

along the rim flow space at two circumferential locations. Twenty-four 

pressure taps are placed circumferentially (.12 forward and 12 aft) along 

the outer surface of the rim flow. These pressure taps are used to 

detect circumferential variations in the crossflow. Locations of these 

taps relative to the flow vanes are shown in Appendix III-D. 

The static pressures are read on two common-well manometers with 

reference to atmospheric pressui'e, Meriam Wo. 3 fluid with specific 

gravity of 2.95 is used as a measuring fluid. The manometers can not 

be read to an accuracy of better than ± 0.05 inch resulting in pressure 

accuracies of about + 0.01 psi. 

In addition to the above, there are ^8 pressure taps placed in 

2k pairs to measure the pressure difference across the radial seals. 

Twelve pairs are located in each of the forward and aft sections. They 

are located circumferentially along the radial seal. U-tube manometers 

are used to read the pressure difference. Figure 2-4 and Table 2-2 show 

their locations. 

Pressure and temperature data were entered into a computer file 

for analysis with the program presented in Appendix IIL A complete 

printout of the data for all tests is available but not included in this 

document. 
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Table V2-1. Thermocouple Identification -

BANK 
RECORDER MACHINE 

BANK T/C 

2 

LOCATION 

1 

T/C 

2 E73" 
1 

2 D71 
4 C01 
5 C74 
6 C71 
7 C84 J » AFT 
8 C81 
9 E81 
10 E83 
11 D81J 
12 F7-r 

F73 2 1 

F7-r 

F73 
3 A71 
4 B71 
5 B74 > FORI 
6 F81 
7 B81 
8 F83 
9 B84 
10 A81. 
11 E7i: 
12 C44 

3 ' 1 C64 
2 •C63 
4 C61 
5 C53 
6 C51" » AFT 

•7 C43 
8 C41 
9 C33 
10 C24 

s 11 C23 
12 C21 

December 15, 1975. 

T/C LOCATION 

1 
2 

Cll' 
C31 

i AFT 

3 B6K • 

5 B63 
6 B64 
7 B51 
8 B53 
9 B41 
10 B43 
11 
12 

B44 
B31 

, FORWARD 

1 B33 
2 B21 
3 B23 
4 B24 
6 Bll 
7 A01 
8 D01 AFT 
9 B03 FORWARD 
TO C03 AFT 
11 BOl' 1 12 FORWARD 

1 B04j f 2 C04 AFT 
3 
4 
5 
6 
7 
8 
9 
10 AMBIENT 
11 CROSS INLET 
12 COOLING INLET 

1/16/76 



Table 2-2. Pressure Tap Location. 

PC04 PF73 PC0K 
PB3M 

PB04 PF74 PC0L PB2M 

PC03 PF7.34 PC0M PC3H 

PB03 PF7.64 PB3H PC2H 

PC13 PF84 PB2H PC3G 

PC23 PB0H PB3G PC2G 

PC24 PB0G PB2G PC3F 

PC33 PB0F PB3F 
PC2F 

PC43 PB0E PB2F PC3E 

PC44 PB0D PB3E PC2E 

PC53 PB0C PB2E PC310 

PC64 PB0B PB3D PC2D 

PB13 PB0H PB2D PC3C 

PB23 PB0J PB3C PC2C 

PB24 PB0K 
p 
KB2C PC3B 

PB33 PB0L 
p 
KB3B PC2B 

PB43 PB0M PB2B PC3A 

PB44 PC0H PB3A PC2A 

PB53 PC0G 

PC0F 

PB2A PC3J 

PB64 PC0E PB3J PC2J 

PE73 PC0D PB2J PC3K 

PE74 PC0C PB3K PC2K 

PE7.34 PG0B PB2K PC3L 

PE7.64 
P KC0A 

p 
KB3L PC2L 

PE84 PC0J PB2L PC3M 



15 

CHAPTER III 

TEST PROCEDURE 

Two test series were conducted, each with different seals on 

the rotor. Figure 3-1 shows the seal geometry for the two test 

series, 

In both test series, studies of the effect of rim spacing, rim 

flow, inner rotor-stator spacing and radial seal clearance are made. 

In test series I, in addition to those four tests mentioned above, 

wheelspeeds of 1200 rpm, 2200 rpm and 3000 rpm are also included. 

Table 3-1 describes the conditions employed. 

Each test consists of varying the cooling flow from the 

maximum blower capacity to near zero. Four to six cooling flowrates 

are used in a test. 

Experimental Procedure 

The steps taken for each test are as follows: The propane, 

engine and compressor are turned on followed by igniting the air-

propane mixture in the combustion chamber. Once hot air is obtained, 

the blower is turned on to supply cooling air,. Due to the thermal 

transient, generally 15 minutes or longer is required for the system 

to reach steady state. The wheel speed is checked by means of a Easier 

tachometer held against the shaft;. Steady state is determined from the 

temperature readings on the multipoint recorder and the wheelspeed. 

Only steady state data are considered in ttie present studies. 
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Table 3 - 1A. Test Description, Test Series I 

TEST NUMBER TEST EFFECT 

RADIAL SEAJ-
CLEARANCE1 

(IN.) 

RIM AXIM. 
SPACING2 

(IN.) 

0.2 

ROTOR-STATOR 
INNER SPACING3 

(IN.) 
RIM FLOW 
(LBM/SEC) 

4.0 

WHEEL SPEED 
(RPM) 

F1A1 Baseline 0.1 

RIM AXIM. 
SPACING2 

(IN.) 

0.2 1.0 

RIM FLOW 
(LBM/SEC) 

4.0 2900, 3100 

A3 Speed 0.1 0.2 1.0 4.0 2200, 2300 

A5 Speed 0.1 0.2 1.0 4.0 1200, 1300 

F2 A6 Rim Spacing 0.1 0.1 1.0 4.0 2880 

F3 A7 Rim Spacing 0.1 0.4 1.0 4.0 2900, 3050 

F4 A8 Rim Spacing 0.1 0.6 1.0 4.0 2535 

F5 A9 Rim Flow 0.1 0.2 1.0 2.9 2900 

F6 A10 Rim Flow 0.1 0.2 1.0 1.84 2910 

A12 Rotor-Stator Inner 
Spacing 0.1 0.2 0.75 4.0 2900 

A13 Rotor-Stator Inner 
Spacing 0.1 0.2 ^ 1.5 4.0 3150, 2500 

F8 A14 Radial Seal Clearance 0.15 0.2 1.0 4.0 3000 

F9 Radial Seal Clearance 0.05 0.2 1.0 4.0 3000 

C in Figure 3-2 

'A in Figure 3-2 

JD in Figure 3-2 



Table 3-IB. Test Description, Test Series II 

TEST NUMBER TEST EFFECT 

RADIAL SEAL 
CLEARANCE1 

(IN.) 

F10 A16 Baseline 0-1 

Fll Rim Spacing 0.1 

F12 Rim Spacing 0.1 

F13 Rim Spacing 0.1 

F14 Rim Flow 0.1 

F15 Rim Flow 0.1 

F17 A17 Inner Spacing 0.1 

F18 AT8 Inner Spacing 0.1 

F19 A19 Radial Seal Clearance 0.2 

F20 A20 Radial Seal Clearance 0.15 

F21 A21 Radial Seal Clearance 0.05 

RIM AXIAL 
SPACING2 

(IN.) 

ROTOR-STATOR. 
INNER SPACING"3 

(IN.) 
RIM FLOW 
(LBM/SEC) 

4.0 

WHEEL SPEED 
(RPM) 

0.2 1.0 

RIM FLOW 
(LBM/SEC) 

4.0 2950, 3000 

0.1 1.0 4.0 2900 

0.4 1.0 4.0 2900 

0.6 1.0 4.0 2850 

0.2 1.0 3.2 2850, 3000 

0.2 1.0 1.87 2920 

0.2 0.75 4.0 2800, 3000 

0.2 1.5 4.0 2850 

0.2 1.0 4.0 2850 

0.2 1.0 4.0 2850 

1.2 1.0 4.0 2750 

C in Figure 3-2 

"A in Figure 3 -2 

D in Figure 3-2 
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Data Handling 

The temperature data Eire non-dimensionalized according to the 

dimensionless temperature parameter; 

T - T _ 
' _ cool 

T - T 
hot cool 

where 

T = local wheelspace temperature 

T ., = coolant inlet temperature 

T. , = hot air temperature at the inlet of the wheel. 
hot 

This parameter can range from zero to one depending on whether the local 

temperature is the minimum or maximum possible^ namely the cooling air 
o 

temperature or hot cross flow temperature respectively. These dimension

less temperatures are further averaged over the three different circum

ferential locations having this same axial, and radial positions. These 

dimensionless temperatures are presented in the form of plots in Appendix 

3-A (Figures AT-1 to AT-23). Tables of these data; are available "but not 

included in this report. 

The static pressure data determine the flow behavior and the 

wheelspace pressure. The data are taken directly from the experiment, 

entered into the computer and averaged from two circumferential positions 

for given axial and radial position. The results of the pressure 

measurements are given in psi and plots of ths average pressure versus 

cooling flow are presented in Appendix 3-B* (Figures AP-1 to AP-23). 

Tables of these data are available 'but not included in this report. 
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The local radial flow across the seal is proportional to the 

square root of pressure difference across the seal for a given seal 

geometry. Therefore the pressure measured at radial positions 2 and 3 

indicate the local direction of flow and the square root of the pressure 

difference represents the flow rate. The pressures measured at radial 

positions 2 and 3 are therefore converted into square roots of pressure 

difference with appropriate consideration of sign for direction bf the 

flow (flow out of wheelspace is positive). These data are plotted in 

Appendix 3-C, (Figures AF-1 to AF-23). Tables-of these data are avail

able hut not included in this report. The square root of the seal pres

sure difference can he used as an indicator of local seal flow only 

when the seal geometry is held constant (that is for test involving a 

given set of seals with common overlap and radial clearance). 

Finally, the circumferential static pressure distribution at 

radial position 0 (the wall of the casing) is evaluated and presented 

in Appendix 3-D* 



CHAPTER IV 

DISCTUSSIOI OF RESULTS 

The temperature and pressure in the wheelspace as well as the 

seal flow depend on six factors: the rotating seal geometry, the rim 

spacing between the rotor and stator, the inner rotor-to-stator 

spacing, the radial seal clearance between the disk rotating seal 

and the stator static seal, the amount of rim flow and the wheelspeed. 

The effect of each of these factors will he discussed in this section. 

Extensive details of pressures, temperatures, and seal pressure dif

ferences for each run will he found in the appendices of the report. 

A high degree of accuracy in the results can not he expected 

due to the nature of the equipment and the presence of many outside 

factors that cannot he controlled: during the experiment. A typical 

uncontrolled factor is the ambient temperature which influences 

cooling air supply temperature, heat transfer from the unit, and 

propane supply pressure. However, since the purpose of the experi

ment is to evaluate how the different factors affect the cooling of 

the turbine disk for actual turbine design, the trends in the data 

are of primary importance. 

Most of the following discussion is based on position Bk and Ck' 

for forward and aft sides respectively because this radial position 

^Position B^ or Ck refer to the average of three circumferential 
positions B^l, Bk-3 and Bhk for forward and C^l, Cij-3 and CMl for AFT 
position. (See Figure lr3B and position reference to B^ and/or Ck), 
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is the outermost location in the wheelspace. 

As expected the wheelspace temperature decreases as the supply 

of cooling air increases because the cooling air convects away the 

Ifieat conducted through the wheel and the stator, and obstructs the 

inflow of hot gases from the rim flow. 

For any given set of operating conditions the temperature in 

the forward wheelspace is higher than in the aft wheelspace. Figure 

4-1A shows this effect at radial position'k in'baseline tests F1A1 

and F10A16. The same effect-can be observed in radial positions 2, 3> 5 

and 6 by comparing Figures AT1-B and AT13-A. The difference between 

forward and aft wheelspace temperatures for several other seal geom

etries are shown in Figures k-13, k-1® and K~ID. Consistently 

the temperatures at the forward wheelspace are higher than those in the 

aft wheelspace. 

The lower aft wheelspace temperatures are due in part to the 

fact that the forward rim flow temperatures (T. and T ) are higher 
AO 130 

than the aft (T^'and T_- ). 
CO DO 

The rim flow temperature is reduced in the direction of flow as 

a result of cooling by the surfaces and mixing of lower temperature 

cooling air from the wheelspace. Therefore the amount of conduction 

heating of the forward wheelspace should be greater than the aft and 

any hot gas inflow in the forward wheelspace will have a greater 

influence on wheelspace temperatures than a comparable amount of inflow 

to the aft wheelspace. 
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Rotating Seal Geometry 

Three rotating seal geometries were evaluated. Seals PTl8 and 

PT19 were used on the forward side while on the aft side PTl8 and PT18A 

were used (See Figure 4-2). To evaluate the effect of the rotating seal 

geometry the following conditons were employed: 3000 rpm wheelspeed, 

k Ibm/s rim flow and rim spacing, radial seal clearance and rotor-to-

stator inner spacing (A, C and D respectively in Figure 3-2) of 0.2, 

0.1 and 1.0 inches respectively. 

On the forward side of the rotor, the wheelspace temperatures 

are higher when seal PT18 is used. Figure 4-2 shows the temperature 

difference due to different rotating seal geometries at radial position 

B4. Curve I in Figure 4--2 corresponds to seal PT19 while Curve II 

corresponds to PT18. For temperatures at different radial locations 

(B5, B6, B7, FT, A7J A8 and B8) compare Figures AT1-A and AT13-A. 

When using seal PT19, the wheelspace pressure is lower (See 

Figure 4-3 for,radial.position B4 and! for other radial positions compare 

Figures AP1-A and AP13-A), therefore, hot rim gas inflow* is found 

(Figure 4-4) at low values of cooling supply (m^ _, < ~ 0.4 Ibm/sec). 

Because of the presence of the lip on seal PT.I.9, it creates greater 

resistance to coolant flow out of the wheelspace. 

On the aft si-d£ ofrthe rotor, wheelspace temperatures using seal 

PT18-A are higher than when using PT18. (See Figure 4-5 or compare 

Figures AT1-B and AT13-B). The higher temperature is associated with 

the lower amount of local radial outflow (Figure 4-7). The presence 

•̂ Positive /5p represents outflow, negative /^P represents inflow. 
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of the "step" in seal PT18A does not seem to influence the wheelspace 

pressure (Figure 4-6) "but does result in less coolant outflow, 

Rim Spacing Effect 

In order to see the effect of rim spacing (A in Figure 3-2), two 

sets of experiments are run. On the forward side of the rotor rotating 

seals PT18 and PTl9fare used. On the aft side seal PTl8'.is used. By 

holding thefwheelspeed,-rim flpw,: radial seal clearance and inner rotor-

to-stator spacing constant, at 3000 rpm,' klbm/s., 0.1 inch and 1.0 inch 

respectively^/the effect pf rim ."'spacing of 0.1, 0.2, 0 A and 0.6 inches 

are evaluated. 

When rotating seal PTl8s is used, the wheelspace temperatures at 

either forward or aft positions are found to "be higher for larger rim 

spacing. Figures 4-8A and 4-8B show the effect on wheelspace tempera

ture of rim spacings at radial positions C2 and C^ respectively and 

Figure 4-8C shows the forward temperatures at position B4. (Also see 

Figures AT1-B, AT4-B, AT5-B, AT6-B, AT13-A, A.T14, AT15 and ATl6). The 

wheelspace pressure and the local outflow of coolant is not affected by 

changing the rim spacings between the stator and the rotor. (See 

Figures 4-9 to 4-12, also see Figures AP1-B, Apif-B to AP6-B, AF1-B> 

AF^-B to AF6-B, AP13A, AP14 to APl6, and AF13-A, AF^ to AF6). 

When rotating seal PT19 is used, decreasing the rim spacing to 

0.2 inch lowers the wheelspace temperature at either radial position 2, 

or k- but the further decrease in spacing seems to be detrimental (See 

Figures 4-13A and 4-13B, or compare Figures AT1-A and AT^-A to Alk-6 

for rim spacing of 0.1 inch). The reversal in trend with reduced rim 
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spacing is also seen for the wheelspace pressure (Figure 4-15) and radial 

seal flow (Figure 4-1^). 

Comparisons of-Figures AT1-B and AT13-A, AT^-B and ATI**-, AT15-B 

and AT15, and AT6-B and ATl6 show they have the same slope for the forward 

and aft side of the wheel for a;given rim spacing and rotating seal 

geometry. Therefore, the rim spacing plays ah equally important role 

on the forward as well as the aft side of the wheel. 

Rotor-to-Stator Inner Spacing 

At a rim flow of h lbm/s, wheelspeed of 3000 rpm, radial seal 

clearance 0.1 inch, rim (spacing 0.2 inch, the effect of inner rotor-to-

stator spacing (D in Figure 3-2) of 0.75 inch, 1.0 inch and 1.5 inch is 

evaluated. The forward seal employed is PT18 and the aft is PTl8 or 

PT18-A. 

On the forward side with seal PTl8, Wheelspace temperatures 

decrease for smaller rotor-to-stator inner spacings (Figure 4-l6). It 

is believed that the corresponding lower temperature at smaller spacing 

is a result of the changing character of the convection heat transfer 

from the stator as the spacing decreases. For a constant cooling flow 

a decrease in rotor-stator spacing increases the local velocity and 

hence the local convection coefficient„ Comparisons of the effect of 

rotor-to-stator spacing for positions ]E£, B3> B5 and B6 can be made by 

examining Figures AT13-A, AT19-A and AT20-A. 

On the aft side, using seal PT18, the temperature versus cooling 

curves for inner rotor-to-stator spacing of 1.5 inch, 0.75 inch, and 

1.0 inch are shown in Figure 4-17 -for radial position C^. The lowest 
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wheelspace temperature is for a 1.0 inch spacing. Figures AT1-B, AT9 

and AT10 can be compared to see the rotor-to-stator inner spacing effect 

for position B2, B5, B6> B7, "A7, FT, B8, A8 and F8. The above results 

show the temperature effect due to inner rotor-to-stator spacing is 

significant when seal PT18 is used. However, when using seal PT18-A, 

Figure 4-18A and 4-18B show the wheelspace temperature changes due 

to different inner spacings between the rotor and stator are negligible. 

Figures AT19-B and AT20-B are the results of rotor-to-stator spacings 

of 0.75 inch and 1.5 inch. 

For all the above cases, on the forward or aft side of the wheel, 

the wheelspace pressure difference due to the different rotor-td-stator 

inner spacing is small. (See Figures 4-19, 4-2QA and 4-20B and compare 

Figures AP1-A, AP9 and AP10 and. AP13, AP19 and AP20). 

Comparison of Figures 4-l6, 4-17, and 4-I8B with corresponding 

cooling outflow (square root of pressure difference) in Figures 4-22A 

and 4-21 and 4-22B respectively seems to present an inconsistancy. It 

is expected that when more cooling outflow occurs the wheelspace 

temperature would be lower because (l) more cooling air is present to 

convect away the heat conducted through the wheel and stator, and (2) 

less hot gas would penetrate the wheelspace. However, this trend is 

not present in the data. No explanation for this consistancy is 

available at this time. 

Radial Seal Clearance. 

. The effect of radial seal clearance of 0.05 inch, 0.1 inch and 

0.15 inch are evaluated. The experiments were run for several cooling 
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supply rates, k lbm/s rim flow, 3000 rpm wheelspeed, 0.2 inch rim 

spacing and 1.0 inch rotor-to-stator inner spaeings. PT18 and PT19 

rotating seals are used on the forward side of the wheel and PT18 

and PT18-A on the aft side. The results are presented in Figures 4-23 

to 4-35. 

With rotating seal PT19^ lower wheelspace temperatures are 

obtained when the radial seal clearance is 0.1 inch (Figure 4-23, 

4-24, for positions B3 and B4 for other positions compare Figures 

AT1-A, AT11-A and AT12-A). At a smaller gap (0.05 inch), the wheel-

space temperatures and pressures are higher (Figure 4-23 > 4-24 and 4-25). 

Apparently the small flow area 'between the static and rotating seals 

obstruct the heated coolant from flowing out of the wheelspace creating 

a high wheelspace pressure as shown in Figure 4-25 (or compare AP1-A, 

APll-A and AP12-A). Therefore, as the coolant is heated due to the heat 

conducted through the rotor and stator, the temperatures in the wheel-

space are higher. 

When seal PTl8 is used on the forward or aft side of the wheel, 

the effect of radial seal clearance is even less pronounced than with 

PT19. Thd difference in-wheelspace temperatures or1 pressures is not 

significant for the range of gaps studied. Figures 4-27, 4-28, 4-30 

and 3-31 show the temperature and pressure curves for radial positions 

3 and 4. (Also see Figures AT13, AT21 to AT23 for temperatures and 

AP13, AP21 to AP23 for pressures at other radial positions.) 

The results with PT18-A seal show no difference in temperature 

or pressure at positions C3 and C4 for different radial seal clearances 
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(See Figures 4-33 and 4-3^ and Figures AT13-B, AT21-B to AT23-B and 

AP13-B, AP31-B to AP23-B). 

Comparing the results of radial seal clearance using seal PTl8, 

PT18A and PT19, it is found that the lip on PT19 seal has an effect 

on the wheelspace temperature and pressure "but not a large effect. 

Figures 4-26, 4-29, 4-32 and 4-35 show ,/Zi> across the seal "but 

must he viewed with caution in the case of varying the radial seal gap. 

The /Zp was introduced as a useful indicator of local flow across the 

seal when the seal geometry is constant. However, comparisons can not 

be made from one curve to another in this case "because the seal gap is 

being changed. 

Within the range of this experiment, a 0.1 inch radial seal gap 

seems to result in the lowest wheelspace temperatures. But the radial 

seal clearance does not influence wheelspace temperatures to the extent 

that rim spacing and rotor-td-statdr inner spacing do. 

Rim Flow 

At a wheelspeed of 3000 rpm, 0.2 inch rim spacing, 0.1 inch 

radial seal clearance, 1.0 inch inner rotor-to-stator spacing and using 

rotating seal PT18 on the-'aft'" side and PT18 or PT19 on the forward side, 

the effect of rim flow was studied. 

Regardless of the rotating seal geometry in forward and aft 

locations, higher wheelspace pressures are present with higher rim 

flow (See Figures 4-36, 4-37 and 4-38, also compare Figures API, AP7> 

AP8, AP13-A, AP1T and AP19). This is to he expected because frith nigh 

rim flow, the rim area pressure is higher hence restricting the outflow 



1.0 i 

0.5-

C/3 

% o.o 

W 

-n <; 

- 1 . 0 
0.1 0.2 

r i 
0.3 0.4 

FOR. COOLING (PPS) 

- T " 
0.5 77 —I 

0.7 

Figure 4-36. Effect of Rim Flow on Pressure, Seal PT19, Position B4. 

vO 



1.0 

0.5-

co 
eu 

m 0.0-

4 Ibm/sec 

C3 

^ -0.5 

-1.0 i i i— 
0,3 0.4 0.5 

AFT COOLING (PPS) 

"oT 0.1 0.2 0.7 

Fiqure 4-37. Effect of Rim Flow on Pressure, Seal PT18, Position C4. 

00 

o 

~.n 



1.0 n 

0.5 

£ 

PR
ES

SU
R

I 

0.0 

m 
S3 

1 =0*5 

-1 .0 
0-1 

—T" 
0.2 

4.0 lbm/sec 

0 . 3 0 .4 0 .5 
FOR. COOLING (PPS) 

0.6 U. / 

Figure 4-38. Effect of Rim Flow on Pressure, Seal PT18, Position B4. 

00 



82 

of cooling air. ' 

Similarly, when seal PT1.8 is used on the forward side, lower 

wheelspace temperatures (Figure A-39) and greater local coolant outflow 

(Figure 4-1+0) are found with less rim flow. When this same seal is 

used on the aft side of the wheel, the variations in wheelspace tempera

tures and seal flow are not as pronounced (Figures 4-^1 and 4-^2). 

The case where rotating seal PT19 is used is shown in Figures 

4-̂ 3 and h^kk. The effect of rim flow on wheelspace temperature is 

small in this case. 

Wheelspeed Effect 

By using seal PTl8, rim spacing of 0.2 inch, radial seal 

clearance 0.1 inch, rotor-to-stator inner spacing of 1.0 inch and 

h Ibm/s rim flow it is found that wheelspeeds from 1200 to 3000 RPM 

have little influence on wheelspace temperatures or pressures. 

(Figures 4-^5 and 4-^6 or compare AT1-B, AT2, AT3, AT1-B, AP-2 and 

AP-3). 
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CHAPTER V 

CONCLUSIONS AND RECOMMENMTIONS 

Conclusions drawn from the experimental results are: 

1. The wheelspace temperature always decreases as the coolant 

supply increases. The rate of temperature decrease depends on the 

geometry of the rotating seal, the outer rim spacing, the radial seal 

clearance between the rotating and stationary seal, the inner rotor-

to-stator spacing, the amount of rim flow and the wheelspeed. 

2. When rotating seals PT18 and PT19 are used on the forward 

side of the wheel, the wheelspace temperature using PT18 seal is higher 

than using seal PT19. But the wheelspace pressure is lower, and with 

PT19 seal. 

3. When rotating seal PTl8 and PT18A are used on the aft side 

of the wheel, the wheelspace temperature and pressure using PT18A 

seal are higher. 

k. The effect of rim spacing on wheelspace temperature was 

significant. On either forward or aft side, where seal PTl8 is used, 

smaller rim spacing causes lower wheelspace temperatures. However, the 

wheelspace pressure is not affected by the change in rim spacing. In 

neither case was hot gas in flow found at low coolant supply (0.13 

lbm/sec). When PT19 seal was used on the forward side, the wheelspace 

temperatures reached a minimum at a rim spacing of 0.2 inch. Inflow 

of hot gases were always present at some locations when the rim 



spacing is large (0.4 inch and 0„6 inch) regardless of the amount of 

cooling supply. The effect of rotor-to-stator inner spacing is also 

important. When PT18 seal is used on the forward side, lower wheel-

space temperatures were obtained with smaller spacing. When PT18 is 

used on the aft side, a spacing of 1 inch resulted in minimum wheel-

space temperatures. Also no inflow is present even at low coolant 

supply (̂ ,0.15 Ibm/sec). 

When seal PT18A is used on the aft side, the rotor-to-stator 

inner spacing has no pronounced effect on wheelspace temperature. 

5. For seals PTl8 and PT19 wheelspace temperatures were 

minimum for a radial seal clearance of 0.1 inch hut the variation of 

wheelspace temperature with radial clearance was small. For seal 

PT18A the effect of radial clearance was even less. 

6. Finally, at a given seal geometry, increasing the wheel-

speed results in a reduction of wheelspace temperature hut the effect 

is small. 

Rim flow effects wheelspace temperatures as expected with 

temperatures increasing with greater rim flow. 

Of the variables studied the rim spacing and the inner rotor-

stator spacing have the most pronounced effect on wheelspace 

temperatures. 
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1 C 
2 C 
3 C 
4 C PROGRAM'W'Si: ABSTRACT 
5 C 
6 C THIS PROGRAM CALCULATES THE AVERAGE DIMENSIONLESS 
7 C TEMPERATURE AT DIFFERENT WHEEL LOCATION» AVERAGE WHEEL
'S C SPACE PRESSURE AND THE FLOW ACROSS A CIRCUNFERENTIAL 
9 C SEAL OF THE WHEEL•IT READS IN DATA TAKEN FROM THE 
10 C EXPERIMENT/ SORTS THEM AND CONVERT THE DATAS TO THE 
11 C APPROPRIATE UNITS. ONCE CALCULATIONS ARE DONE* THE 
12 C ORGANIZED DATA WILL BE PRINTED OUT IN A FORM OF TABLES 
13 C AND BY USING LIBRARY SUBROUTINES PLOTTINGS OF DIMENSIONLESS 
14 C TEMPERATURErAVERAGE PRESSURE AND SQUARE ROOT OF THE 
15 C ABSOLUTE VALUE OF THE PRESSURE ACROSS THE CIRCUNFERENTIAL 
16 C SEAL VERSUS COOLING ARE DONE* 
17 C 
18 C THIS PROGRAM WILL HANDLE FORWARD TEST* AFT TEST OR 
19 C THE COMBINATION OF BOTH TO UP TO SIX RUNS. IT IS COMPOSED 
20 C OF A FOUR PARTS MAIN PROGRAM AND FIVE SUBROUTINES. 
21 C 
22 C DICTIONARY OF PRIMARY VARIABLES USED IN THIS PROGRAM: 
23 C 
24 C AA: RIM SEAL CLEARENCE 
25 C AMBJ AMBIENT TEMPERATURE 
26 C AT? AFT TEMPERATURE 
27 C BC(I>: PRESSURE TAPS LOCATIONS FOR FLOW ACROSS THE 
28 C CIRCUNFERENTIAL SEAL. 
29 C BF(I): PRESSURE TAPS LOCATIONS CIRCUNFERENTIALLY AT 
30 C •0" POSITION. 
31 C BP(IfJ): CIRCUNFERENTIAL PRESSURES 
32 C BPC<I?J>: CIRCUNFERENTIAL PRESSURES ACROSS SEAL 
33 C B3: PRESSURE DIFFERENCE B33-B23 
34 C CAM): AFT COOLING 
35 C CCi RADIAL SEAL CLEARENCE 
36 C CF(I>: FORWARD COOLING 
37 C CO: COMMENTS 
38 C COO: COOLING TEMPERATURE 
39 C CRO: HOT INLET TEMPERATURE 
40 C C3: AFT PRESSURE DIFFERENCE C33-C23 
41 C D(IfJ): TEMPERATURE DATAS 
42 C DA: DATE 
43 C DD: ROTOR-STATQR AXIAL CLEARENCE 
44 C DF(I): THERMOCOUPLES LOCATION 
45 C DFO(I>: SORTED THERMOCOUPLES LOCATION 
46 C DG(I>: THERMOCOUPLES LOCATION* AVERAGE VALUES 
47 C DP< I >:.,PRESSURE TAPS LOCATION 
48 C FAT: FORWARD-AND AFT'TEMPERATURES 

49 c FT: FORWARD TEMPERATURE 
50 C HF(I)J CROSS FLOW 
51 C N<I>: RUN NUMBER (PRESSURE) 
52 C NBA.* NUMBER OF AFT RUNS (TANGENTIAL LOCATION) 
53 C NBF: NUMBER OF FORWARD RUNS (TANGENTIAL LOCATION) 54 C NR: NUMBER OF RUNS 55 c NRA: NUMBER OF AFT RUNS 56 NRF: NUMBER OF FORWARD RUNS 57 C NT(I): NUMBER OF RUNS (TEMPERATURE); 58 C NTA: NUMBER OF AFT RUNS (TEMPERATURE) 59 C .NTFI NUMBER OF FORWARD RUNS (TEMPERATURE) 60 C NTR: NUMBER OF RUNS (TEMPERATURE) 61 C Ni: NUMBER OF RUNS 62 C P(I): PRESSURE AT DIFFERENT RADIAL LOCATION 
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63 
64 
65 
66 
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69 
70 
71 
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73 
74 
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76 
77 
78 
79 
80 
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82 
83 
84 
85 
86 
87 
88 
89 
90 
91 
92 
93 
94 
95 
96 
97 
98 
99 
100 
101 
102 
103 
104 
105 
106 
107 
108 
109 
110 
111 
112 
113 
114 
115 
116 
117 
118 
119 
120 
121 
122 
123 
124 
125 
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127 
128 

PA(IrJ): AVERAGE PRESSURE FROM 2 CIRCUNFERENTIAL POSITION 
PD(I)J PRESSURE TAPS DEFINITION; 
POF-: SUBROUTINE* PRINT OUT FORWARD TEMPERATURES 
RPMJ WHEEL'SPEED. 
SB: PRESSURE TAPS IDENTIFICATION FOR PRESSURE DIFFERENTIAL 

ACROSS THE RADIAL SEAL 
T<I»J): DIMENSIONLESS TEMPERATURE 
TA<I,J>:AVERAGE DIMENSIONLESS TEMPERATURE FROM 3 CIRCUNFERENTIAL 

POSITIONS 
TN: TEST NUMBER 
TT<I>: CROSS TEMPERATURE-
PROGRAM MAIN<INPUT»0UTPUT ?TAPE5~INPUT»TAPE6=0UTPUT) 
DIMENSION RPM(6)rHF<6)yTT(6)tCF(8)?CA< 8)?N1< 6) yD<59,6) , 
*NT(6)rDS(59r6)yT(59 r6JrTA(28 y8)rDF < 59)yDFO(59)tDG <28) 
DIMENSION DP (30) y P < 30i- 6 ) y N (6) ? PA < 22 y 8) y PD < 22) 
DIMENSION BPF( 12 v6>.» BPA(.12 r 6) 9 BPCF<12 y 6 > yBPCA(121 6) 9BF( 12) 9 

*BA< 12) 9SBFU296) 9 SBA(129 6) 9BCA(12) 9BCF< 12) 
DIMENSION TN<7>yDA<2>.C0<7>yITITF<2>yITITA<2> 
DIMENSION AKF<6)rAKA<6)rBKF<6)rBKA<6) 
DIMENSION IBUF(512) 

PART i: GENERAL 

THERMOCOUPLES IDENTIFICATION 

DATADF/"C73"y"D71 
* BE81"y"C83"y BD8:L"y 
*"F81" 9 "B81" 9 'F83S 
* BC63S"C61 n»»C53 n> 
* 0C21"r"Cll"» ,C3lS 
*"B41"y"B43"y"B44"y 
*DBll"y"A01"y"D01"y 

*"AMB'r "CRO'-'COOV 
DATA DF0/"A01"y"A7 

*"B23"9"B24"9"B31" 
'B61"y"B63"y"B64" 
F81"y "FSS'y'COl" 
'C31"y"CSS'y DC41', 
,C64"yBC71B»"C73" 
'D81"y"E71By"E81" 
DATA DG/ "AO'r"A7" 

*"B6"y "B7"y "B8"y"F7 
*°C5By BC6"y BC7ByI,C8 

% ' CO 1" 9 " C74 • y •• C71" 9 • C84"y"€81" y 
" F7.1.;• 9 • F73 S " A 7 1 % ' B7.1." y " B74 " 9 
aB3A" y "A81. •'.* "E71 • y «C44" y UC64" y 
u C5JY " > • €43"\->" C41 • 9- • C33" y " C24 "y ' C23" 9 
aB61'9'B63" 9'B6A" 9 "B51'.> "B53"y 
BB31'»"'B33'»'B21"».',B23" » "B24"y 
" B03 • 9 ' C'03 •y ' B 0 1 H y " B04" 9 ' C04" 9 

1" 9 "A81•9 "B01"f'B03"j -B04'•"Bll"y °B21 
' B33 ' 9 ' B41 • 9 ' B43 " 9 • B44.'" y"B51"y " B5'3 " y 
"B71"y"B74 py"B81"y"BS^-y "F71"y BF73°y 
" C03" 9 • C04 % ' C l l S " C2.1. • 9 " C23" y " C24 " 9 
aC43'y"C44"y"C51"y"G53"y"C61"9"€63"y 
"C74'»"C81•y"C83"y"C84"y"D01"y"D71"y 
"AMB"y"CR0"y"COO"/ 
y"AS ay"BO"9"Bl"y uB2"y uB3"y"B4'y"B5"y 
"y'F8"r"C0'>"Cl"y"C2"y"C3"y'C4'y 
"y "DO'y DD7 ny "D8'y 'E7"y'E8V 

PRESSURE TAPS IDENTIFICATION 

DATA PD/' CO' y ' C.l" y " C2 " y ' C3 • r ' C4 " y " C5" y • C 6 ' y " E7 " y • E7 • 3" y 
* BE7.6"y B E 8 " / "B0 a y"Bl " ,r "B2"r " B 3 ' y"B4"y"B5"y "B6 B y "F7" y 
3jc"F7 3" y "F7 6" y °F8"/ 
DATA DP/'C04'y ° B04"y'C03"y'B03•y ' € 1 3 " i ' € 2 3 ' y ' € 2 4 • y " C 3 3 " y 

*' C43 ' y " €44" y" C53" y " CA4 " 9 " B13 ° 9 " B23 " y " B24 :• y " B33 ' y 
*' B43 " y • B44•'• 9 " B53 ' y • B64 ° y "E73 B y "E74 u y " E 7 • 34 ' y " E 7 • 64 " 9 
*"E84"y"F73"y'F74"y"F7•34"y"F7•64'y°F84"/ 

PRESSURE DIFFERENCE ACROSS TANGENTIAL SEAL IDENTIFICATION 

DATA BF/"BOH•y D BOG"y'BOF" r"BOE'y"BOD'y"BOC"y"BOB"y"BOA'y 
*•BOJ"y"BOK • ' ,"BOL"y uBOM"/ 
DATA BA/"CON"9"COG u»"COF"y"COE"y"COD•y"COC"y"COB"9"COA"y 

*"COJ•y"COK" t •COL"y"COM'/ 
DATA BCF/' B3H-B2H " 9 ' B3G-B26" y ' B3F-B2F ' »'" B3E-B2E ' y 

*'B3D-B2D"y"B3C-B2C y'B3B-B2B'r'B3A-B2A"r"B3J-B2J" y 
*"B3K-B2K"y"B3L-B2L"9 'B3M-B2M•/ 
DATA BCA/-C3H-C2H"y"C3G-C2G"y"C3F-C2F"y"C3E-C2E"y'C3D-C2D 

* BC3C-C2C"y"C3B-C2B"9•C3A-C2A*y"C3J-C2J"9"C3K-C2K"y 
*"C3L-C2L" y "C3M-C2MV 



129 CALL PL0TS<IBUF»5'12>9»00> 
130 CALL PL0T<l*yl*y-3> 
131 C 
132 C READ IN DATA 
133 C 
134 READ(5r701) TN 
135 701 FORMAT<7A10> 
136 READ(Sr702)DA 
137 702 F0RMAT<2A10) 
138 READ*yAAyCCyDD 
139 REAEK5y703)C0 
140 703 F0RMAT<7A10) 
141 READ*,NRFrNRA 
142 IF<NRF*GE*NRA)GO TO 704 
143 NR=NRA 
144 GO TO 705 
145 704 NR=NRF 
146 705 READ*, <N1<I)r1=1rNR) 
147 READ** (RPM(I)yI=tyNR) 
148 READ*r (HF<I)»I«lfNR) 
149 READ*r <TT<I>FI=1»NR> 
150 READ** (CF(I)rI=lyNRF> 
151 READ*r (CA<I)»I = 1»NRA:> 
152 C 
153 C CALCULATIONS 
154 C 
155 DO 707 I=1>NRF 
156 707 CF<I)=»309*SaRT<CF<I)> 
157 DO 708 I=1»NRA 
158 708 CA(I) = ,309*SQRT(CA(D) 
159 C 
160 C PRINT OUT 1 
161 C 
162 WRITE<6y711)TN 
163 711 FORMAT(1OX>T25r"TEST NUMBER:"yT39y7A10> 
164 WRITE(6r712)DA 
165 712 FORMAT<1H t/rT25r"DATEJ"*T32>2A10) 
166 WRITE(6>713)AAvCCyDD 
167 713 FORMATCIH y/yT25y"RIM SEAL CLEARENCE IN INCHES? "f 

168 *T60rF4*2f//?T2'5r "RADIAL SEAL CLEARENCE IN INCHES*"» 
169 *T60yF4.2y//yT25y"R0T--STAT AX* SEAL CLEAR«IN INCHES: 
170 *T60»F4*2»/ ) 
171 WRITE(6r714)C0 -r 
172 714 FORMATdH ,T25* "COMMENTS: " iT35r7'A10> 
173 WRITE < 6 » 7 , 1 0 > N R F F N R A 
174 710 FORMAT</yT25y"NUMBER OF FORWARDRUNS:"rT50yIIt//t 
175 *T25y "NUMBER OF AFT RUNS: "yT50v II >//) 
176 WRITE<6y715><Nl<I>yI=l,NR> 
177 715 FORMAT<T3y"RUN NUMBER:'»T25»6I8F/> 
178 WRITE<6>716)(RPM(I)yI==lyNR) 
179 716 F0RMATX/yT3y "WHEEL SPEED IN RPM'H " y T25» 6F8. Or /) 
180 WRITE<6y717)(HF(]:)yI = lyNR) 
181 717 F0RMAT</yT3y"CROSS FLOW IN PPS:"tT25y6F8*2y/ ) 
182 WRITE(6y718)(TT(I)y.T = lyNR) 
183 718 FORMAT</yT3y "CROSS TEMP* IN DEG F: " *T25»6F-8« Or/) 
184 IF<NRF*EG.O)GO TO 720 
185 WRITE(6y719)(CF(I)yI = .lyNRF) 
186 719 F0RMAT</yT3y"F0R COOLING IN PPS:"FT25»6F8»2F/> 
187 720 I,F<-NRA«EQ»0>G.O TO 723 
188 WRITE<6f721XCA<I)y I - -= l>NRA) 
189 721 F0RMAT(/yT3y"AFT COOLING IN PPS': " r T25y 6F8*2y/) 
190 C 
191 C PART II: WHEEL TEMPERATURE 
192 C 193 723 READ*y NTFyNTA 194 IF<NTF.GE.NTA)GO TO 731 



195 NTR=NTA 
196 GO TO 732 
197 731 NTR=NTF 
198 732 RFAD*y <NT(I),1*1yNTR) 
199 IF(NTF.EG.O)GO TO 740 
200 IF(NTA.Ea.O)GG TO 741 
201 C 
202 C FORWARD AND AFT TESTS 
203 C 
204 DO 781 1=1y10 
205 781 READ*y(D(IyJ)yJ-=lyNTA) 
206 DO 782 1=11y20 
207 782 READ*y(D(lyJ)yJ==lyNTF) 
208 DO 783 1=21y35 
209 783 READ* y(D <Iy J)y J»1y NTA) 
210 DO 784 1=36y50 
211 784 READ*y(D(IyJ)yJ=lyNTF) 
212 READ*y<D<51yJ)yJ=lyNTA) 
213 READ* y < D (52 y J) y J=:l y NTF) 
214 READ*y (D(53yJ)yJ=:LyNTA) 
215 DO 785 I=54y55 
216 785 READ*y(D(IyJ)yJ=lyNTF) 
217 READ* y < D < 56 y J)y J=ly NTA > 
218 DO 786 I=57y59 
219 786 READ*y<D<IyJ)yJ=lyNTR) 
220 CALL POF(DGyDSyi:iFOyTyTAyNTFyNTyDyCFyTN) 
221 CALL POA(DG y DS y DFO y T y TA rNTA y NT y D y CA y TN) 
222 GO TO 733 
223 C 
224 C AFT TEST ONLY 
225 C 
226 740 DO 761 1=1y10 
227 761 READ*y(D(IyJ)yJ=lyNTA> 
228 DO 762 1=21 ,35 
229 762 READ*y(D(lyJ)yJ==lyNTA) 
230 READ*y(D(51yJ)yJ=lyNTA) 
231 READ*y(D(53yJ)rJ=lyNTA) 
232 READ*y<D<56yJ)yJ=lyNTA) 
233 DO 763 I=57y59 
234 763 READ*y(D<IyJ)yJ=lyNTA) 
235 CALL POA(DGyDSyDFOyTyTAyNTAyNTyDyCAyTN) 
236 GO TO 733 
237 C 
238 C FORWARD TEST ONLY 
239 C 
240 741 DO 771 I=lly20 
241 771 READ*y(D(IyJ)yJ^lyNTF) 
242 DO 772 I=36y50 
243 772 READ*y(D< I y J) yJ=.).y NTF) 
244 READ*y<D<52yJ)yJ=lyNTF> 
245 READ*y <n<54yJ)yJ=.lyNTF> 
246 READ* t(D < 55 ?J)yJ*1y NTF) 
247 DO 773 I=57y59 
248 773 READ*y(D(IyJ)yJ=lyNTF) 
249 CALL POF(DGyDSyDFOyTyTAyNTFyNTyDyCFyTN) 
250 733 READ*yNAyNF 
251 C 
252 C PART H i : WHEEL PRESSURE 
253 C 
254 IF<NF,GE.NA)GO TO 1 
255 NR=NA 
256 GO TO 2 
257 1 NR=NF 
258 2 READ*y <N(.I> rl-l »NR> 259 .IF<NF.EQ.O')TiO TO 301 260 • IF<NA.EO»0)GO TO.302' 



261 C 
262 C FORWARD AND AFT TESTS 
263 C 
264 READ*y<<P(IIy12)y12=1yNR)yI1=1/30) 
265 DO 321 1=1y30 
266 DO 322 J=lyNR 
267 322 P<IyJ>=.1065*P<IyJ> 
268 321 CONTINUE 
269 CALL APF(PA y PD y Py NF y CF y DP y AKF y BKF»CKF?B3 y TN yITITF) 
270 CALL APA(PAyPDyPyNAyCAyDPyAKAyBKAyCKArC3yTNyITITA) 
271 GO TO 320 
272 C 
273 C FORWARD TEST ONLY 
274 C 
275 302 READ*y(P(2yI2)yI2=lyNF) 
276 READ*y(P(4yI2)yI2==lyNF> 
277 DO 343 Il=13y20 
278 343 READ*y(P(IlyI2)yI2=lyNF) 
279 DO 344 Il=26y30 
280 344 READ*y(P(IlyI2)yI2=lyNF) 
281 DO 323 I==2y4y2 
282 DO 324 J=lyNF 
283 324 P<IyJ)=,1065*P<IyJ> 
284 323 CONTINUE 
285 DO 325 1=13y20 
286 DO 326 J=J.yNF 
287 326 P<IyJ)---,1065*P<IyJ> 
288 325 CONTINUE 
289 DO 327 I=26y30 
290 DO 328 J=lyNF 
291 328 P<IyJ)=.1065*P(IyJ) 
292 327 CONTINUE 
293 CALL APF (PA v PD'V P r NF y CF y DP y AKF y BKF y CKF y B3 y TN y ITI TF) 
294 GO TO 320 
295 C 
296 C AFT TEST ONLY 
297 C 
298 301 READ#y<P(lyI2)yI2=lyNA> 
299 READ*y(P(3y.T2)yI2=lyNA) 
300 DO 357 Il=5yl2 
301 357 READ>Ky(P(IlyI2)yI2=--lyNA) 
302 DO 358 11=21y25 
303 358 READ*y(P(I.lyI2)y.T2=lyNA) 
304 DO 330 1 = 1 * 3»-2 ' 
305 DO 331 J=1*NA 
306 331 P(IyJ)=,1065*P(IyJ) 
307 330 CONTINUE 
308 DO 332 I=5yl2 
309 DO 333 J-lyNA 
310 333 P(IyJ)=,1065*P(IyJ) 
311 332 CONTINUE 
312 DO 334 1=21y25 
313 DO 335 J=J.yNA 
314 335 P(IyJ)=.1065*P<IyJ) 
315 334 CONTINUE 
316 CALL APA(PAyPDyPyNAy.CAyDPyAKAyBKAyCK'AyC3yTNyITITA) 
317 C 
318 C PART IVJ FLOW ACROSS CIRCUNFERENCIAL SEAL 
319 C 
320 320 READ*yNBFyNBA 
321 IF<NBF.EQ.0)60 TO 400 
322 IF(NBA,E«.0)GO TO 401 
323 C 
324 C FORWARD AND AFT TESTS 325 C 326 • WRITE(6y402) 



99 
327 402 F0RMAT('l"y//yT26y"FORWARD PRESSURE") 
328 CALL TPAC(BPF?BPCFy NBF y CF y BF ySBF rBCF/AKF yBKF yCKF v B31TN yITITF) 
329 WRITE(6y403) 
330 403 FORMAT("1" ?//,T26y "AFT PRESSURE") 
331 CALL TPAC(BPAyBPCA >NBA yCA yBA ySBA y BCA yAKA y BKA y CKA y C3 y TN yITITA) 
332 GO TO 499 
333 C 
334 C FORWARD TEST ONLY 
335 C 
336 401 WRITE(6y402) 
337 CALL TPAC(BPF y BPCF yNBF y CF y BF rSBF rBCF y AKF tBKF y CKF y B31TN yITITF) 
338 GO TO 499 
339 C 
340 C AFT TEST ONLY 
341 C 
342 400 WRITE(6y403) 
343 CALL TPAC(BPAyBPCAyNBAyC:AyBA,SBAyBCAyAKAyBKAyCKAyC3yTNyITITA) 
344 499 CALL PLOT(0. rO. y999) 
345 STOP 
346 END 
347 SUBROUTINE TPAC'OBPf BPCFN»CFB»SB»BCyAK'yBKyCKyA3yTNy ITITL) 
348 DIMENSION BR( 12y6) yBPC<: L2y6) yC(8) yB( 12) ySB( 12y6) yBC< 12) 
349 DIMENSION BK(6)yAK(6)ySAK<6) 
350 DIMENSION SB1(13/8)yYl(8) 
351 DIMENSION TN(7)yITITL(2) 
352 DO 452 1=1y12 
353 452 READ*y(BP(IyJ)yJ----lyN)y(BPC<I»J)yJ=lyN) 
354 DO 412 1=1y12 
355 DO 411 J=l?N 
356 BP<IyJ>=.1065*BP(IyJ) 
357 BPG<IyJ)=.0361*BPC<IyJ) 
358 411 CONTINUE 
359 412 CONTINUE 
360 C • 
361 C PRINT OUT TANGENTIAL PRESSURE 
362 C 
363 WRITE<6y454) 
364 454 F0RMAT(B00y//yT25y"CIRCUNFERENTIAL PRESSURE (PSD") 
365 WRITE(6y457)(C(I)yI==lyN) 
366 457 F0RMAT(//yT7y"COOLING (PPS):"yT25y6F7*2y/) 
367 DO 455 1=1y8 
368 455 WRITE(6y456)B(I)y(BP(IyJ)yJ=lyN) ' 
369 URITE(6y456)CKy(BK(J)yJ-lyN) 
370 DO 476 I=9yl2 
371 476 URITE(6y456)B(I)y (BP(IyJ)yJ==lyN) 
372 456 F0RMAT(T7yA3yT25y6F7.2) 
373 C 
374 C PRINT OUT ACROSS SEAL PRESSURE 
375 C 
376 WRITE(6y461) 
377 461 F0RMAT(//yT12y"PRESSURE DIFFERENCE ACROSS SE:AL <PSI>"> 
378 WRITE(6y457)(C(I)yI=lyN) 
379 DO 462 1=1y8 
380 462 WRITE(6y463)BC(I)y(BPC(IyJ)yJ=.1.yN) 
381 WRITE(6y463)A3y(AK(J)yJ=J.yN) 
382 DO 477 I=9yl2 
383 477 WRITE(6y463)BC(I)y(BPC<IyJ)yJ=lyN) 
384 463 FORMAT(T7yA7yT25y6F7>2) 
385 C 
386 C TAKE SQUARE ROOT OF PRESSURE DIFFERENCE 
387 C 
388 DO 469 J=lyN 
389 DO 467 1=1y12 390 IF(BPC(IyJ)>LT.0.0)G0 TO 468 391 SB(IyJ)=SQRT(BPC(IyJ)) 392 • GO TO 467 



393 
394 

468 

395 
396 
397 

467 
469 

398 470 
399 
400 

471 

401 
402 
403 
404 
405 
406 

481 

407 
408 
409 

480 

410 472 
411 
412 
413 483 
414 
415 

473 

416 
417 
418 

10 

419 
420 
421 

12 
11 

422 C 
423 
424 

C 
C 

425 
426 
427 20 
428 
429 
430 
431 
432 
433 
434 
435 
436 21 
437 22 
438 
439 
440 
441 
442 C 
443 C 
444 
445 

C 
C 

446 C 
447 
448 
449 J 
450 
451 
452 
453 
454 
455 
456 
457 
458 
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A=-BPC<I»J) , 
AN«SQRT<A) ' ' 
SB(I»J)=-AN 
CONTINUE 
CONTINUE 
URITEC6»471) 
FORMAT<//,Tl2*"SQUARE ROOT OF PRESSURE DIFFERENCE J") 
WRITE<6r457)'(C(I)rI*lrN) 
DO 480 J=1,N 
I F<AK<JKLT .O .O)GO TO 481 
SAK(J)=SQRT(AK(J)) 
GO TO 480 
P=-AK<J> •'• 
PN=SQRT(P) 
SAK(J)=-PN 
CONTINUE 
DO 472 1=1,8 
URITE(6f473)BC(I)? <SB(IrJ)tJ=1tN) 
WRITE(6?473)A3r(SAK<J)tJ=1,N) 
DO 483 1=9y12 
WRITE(6f473)BC<I)y(SB(IfJ>?J=1»N> 
FORMAT<T7/A7>T25t6F7•2> 
DO 11 J=1>N' 
DO 10 1 = 1*8 
S B l < I r J > = S B < I » J > 
SBl (9 f4)=SAJs i (^ ) 
DO 12 I=10»13 
SBKI>J)=SB(I-lfJ> 
CONTINUE 
PLOT SQUARE ROOT OF ABSOLUTE PRESSURE VS COOLING 

DO 20 1=1t13 
SBl(IrN+l>=-.4 
SBl(IfN+2)=«2 
C(N+1>=*0 % C<N+2)=»1 
YHN+l>=-,4 $ YKN+2> = «2 
CALL AXIS<0*r0*fITITL*~17»7»!.0»»0*0v *1) , 
CALL AXISCO* »<>•»• SORT PRESS. DIFF. S 17*6. »90. »-.4» .2>--. 
N2=N+2 
DO 22 1 = 1 f 13 .-..'. 
DO 21 J=1,N2 
YKJ)=SB1(I/J> 
CONTINUE 
CALL LINE<C»Y1»N'»1»-1»I) 
CALL SYMB0L(.25»7.»-.14»TN>0«Oy25) 
CALL PL0T<9*>0>»-3> 
RETURN 
END 
TEMPERATURE SUBROUTINES 
PRINT OUT FORWARD 

SUBROUTINE POF(DG*DSrDFO> T, TA*NTF>NT>D>CF'y TN> 
DIMENSION DG<28)rDS(5996)»T(5916)>DFO(59)tTA(28?8),NT(6)rD<59*6), 

*CF<8> -
DIMENSION Yl<8) 
DIMENSION TN<7) 
DO 906 I=1>NTF 
DS(lrI)=D(50yI) 
DS<2rI)=D(13rI) 
DS<3,I)=D(20>I) 
DS(4yI)=D(54fl) 
DS(5,I)=D<52>I> 
DS(6fI)=D(55yI) 



459 DS<7>I)=D<49»I> 
460 DS<8>I)=D<46»I> 
461 DS<9»f')*D<4'7»I) 
462 DS<10>I)=D<48>I) 
463 DS(ll>I)=D<44rl) 
464 DS(i2fI)=D(45rI) 
465 DS(13rI)=D<41fI) 
466 DS<14rI)=D(42fI) 
467 DS<15>I>=D<43>I> 
468 DS(16rI)=D(39fI) 
469 BS<17>I)=D<40>I> 
470 DS<18>I)=D<36>.I> 
471 DS(19rI)=D<37>I> 
472 DS(20rI)=D<38»I> 
473 DS(21fI)=D(14rI) 
474 DS<22rI)=D<15,1), 
475 DS<23,I>=D<17yl> 
476 DS(24rI)=D(19rl) 
477 DS<25fI)=D(llfD-
478 DS<26,I)=D<12»I> •...•• tf- . . . „ . . ' , 
479 DS<27»I)=D<16»I> 
480 DS<28>I)=D(18yI) 
481 DS<57rI)=D<57*I) 
482 DS(58»I)=D<58»I) 
483 DS(59,I)=D<59?I> 
484 906 CONTINUE 
485 WRITE(6r901) 
486 901 FORMAT(//rTlOr"FOR» TEMP-,AT FOLL WHEEL LOCATION <DEG F) 
487 *//) 
488 WRITE<6f900)(CF<I)yI=lrNTF) 
489 900 FORMAT<//FT7>"COOLING <PPS>{"»T25»6F7,2»/) 
490 DO 902 1=1?28 
491 902 WRITE<6»907)DF0(I)»<DS<I>J>*J=1FNTF> 

492 907 FORMAT<T7,A5>T2S»6F7.0) 
493 C 
494 C CALCULATIONS FOR DIMENSIONLESS TEMPERATURE 
495 C 
496 DO 904 J=1*NTF 
497 DO 909 1=1?28 
498 909 T<I*J>=<DS<I»J>-DS<59»J)>/<DS<58»J>-DS<59»J>> 
499 904 CONTINUE 
500 WRITE(6r911) 
501 911 F0RMAT(//fT10y'FORWARD DIMENSIONLESS TEMP DISTRIBUTION:" 
502 *) 
503 WRITE<6r900)<CF<I)»l=l»NTF> 
504 DO 903 1=1r28 
505 903 WRITE(6r905)DF0(I)y<T<IrJ)»J===l»NTF) 
506 905 FORMAT<T7rA5rT25?6F7»2) 
507 C 
508 C TAKE AVERAGE DIMENSIONLESS TEMPERATURE 
509 C 
510 DO 920 I=lrNTF 
511 DO 921 J=l»3 
512 921 TA(J>I)=T<J>I> 
513 TA<4fI)=<T<4fI)+T<5fI)+T(6FI))/3. 
5 1 4 TA(5«-I>=T<7»I> 
5 1 5 T A ( 6 r I ) = ( T < 8 » I ) f T < 9 ? i ) + T ( 1 0 f I > > / 3 . 
5 1 6 TA(7r I ) = < T < l l » ' l > + T < 1 2 » I > > / 2 . 
5 1 7 T A < 8 r I > = < T < 1 3 > I ) + T < 1 4 r I ) + T < 1 5 » I ) ) / 3 » 
5 1 8 T A ( 9 r I ) = ( T ( 1 6 r I ) + T < 1 7 r I > > / 2 . 
5 1 9 T A ( 1 0 f I ) * < T . < 1 8 F l ) + T < 1 9 r I ) + T < 2 0 » I ) ) / 3 » 
5 2 0 T A < l l f I ) = ( T ( 2 1 f I ) + T ( 2 2 r : i ) ) / 2 » 
5 2 1 TA.<12rI> = < T < 2 3 r I ) + T < 2 4 r I > ) / 2 . 
5 2 2 T A ( 1 3 r I ) = ( T ( 2 5 f I ) + T ( 2 6 f I ) ) / 2 4 
5 2 3 T A < 1 4 » I ) = < T < 2 7 f I ) + T < 2 8 f I ) > / 2 , 524 920 CONTINUE 
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525 C 
526 C PRINT OUT DIMENSIONLESS TEMPERATURE . 
527 C 
528 WRITE<6r922) 
529 922 FORMAT</rT10>"FORWARD AVE. DIMENSIONLESS TEMP DISTRIBUTION") 
530 WRITE(6f900)(CF(I)>I^lfNTF) 
531 DO 923 1=1r14 
532 923 WRITE<6»905)DG<I)»(TA<IfJ)rJ*lrNTF) 
533 C 
534 C PLOTFORWARD DIMENSIONLESS TEMPERATURE VS COOLING 
535 C 
536 DO 10 1 = 1^14 ; V 
537 TA<IfNTF+i)=-"0»0 
538 10 TA(IrNTF+2)=*2 
539 CF<NTF+1>=0*0 •'$'.GF(;N.JF+2) = V..i ,. 
540 YKNTF+1>=0»0 $ Y l < N t j " f 2 ^ . 2 
541 CALL -AXIS(0»-rO.> "FOR,1 COOLING <PPS)f r:rl;8,»7. , 0 . >0*0J» • 1) 
5 4 2 CALL A X I S ( 0 , r 0 . r " D I M E N S . T E M P . 8 r 1 5 x 5 . r 9 0 . > 0 . 0 > . 2 ) 
5 4 3 NTFP2=NTF+2 ~ . - , . . . , . • 
5 4 4 DO 12 I = l > 1 4 
545 DO 11 J=lxNTFP2 
546 Yl<J)=TA<IrJ> 
547 11 CONTINUE 
548 12 CALL LINE<CFr Yl rNTFrl>-J;7l) 
549 CALL SYMB0L<.25»6.-».i4FTNY0.0>25> 
550 CALL PL0T(9.r0»r-3) 
551 RETURN 
552 END 
553 C 
554 C PRINT OUT AFT 
555 C ••.•'» 
556 SUBROUTINE POA(DGyDSrDFOrTrTAxNTsAfNTfDrCArTN) 
557 DIMENSION DG(28)rDS < 5916),T< 59?6)*DFO <59)r TA < 28*8)rNT <6)rD(59* 6)? 
558 *CA<8> 
559 DIMENSION YK8) 
560 DIMENSION TN(7) 
561 DO 956 I=lxNTA 
562 DS(29rI)=D<3vI) 
563 DS(30rI)=D<53rI) 
564 DS<31VI)*D<56»I) 
565 DS(32rI)=D(34rI) ' , 
566 DS(33xI)=D(33rI) 
567 DS<34xI)=D<32yl) 
568 DS<35>I)=D<31rI> 
569 , DS(36>I>=D<35>I> 
570 DS<37vl>=D<30?I> 
571 DS<38>I)=D(29>I> 
572 DS(39TI)=D(28XI) 

573 DS<40rI)=D(22/I) 
574 DS(41fI)=D<27»I) 
575 DS(42f.T)=D<26»I) 
576 DS<43rI)=D<25?I> 
577 DS<44rI)=D<24?I) 
578 • DS(45rI)=D(23»I) 
579 DS(46rI)-D<5*I> 
580 DS(47rI)=D<lr.T) 
581 DS<48*I)=D<4rI) 
582 DS<49rI)=D<7,I) 
583 DS(50fI>=D<9»I) 
584 DS(51rI)=D(6»I) 
585 DS(52*I)*D<51»I) 
586 DS<53»I)=D<2>I> 
587 DS(54rI)-D(10rI) 
•588 DS<55*I)=D<2lVl> 589 DS<56»I)=D<8.»I) 590 •DS<57»I)-D<57»I) 



591 
592 
593 956 
594 
595 951 
596 
597 
598 

950 

599 952 
600 
601 C 

957 

602 C 
603 
604 

C 

605 
606 
607 

959 
954 

608 
609 
610 

961 

611 
612 
613 

953 
955 

614 C 
615 
616 

C 
C 

617 
618 
619 
620 
621 
622 
623 
624 
625 
626 
627 
628 980 
629 970 
630 
631 

C 
C 

632 C 
633 
634 971 
635 
636 
637 973 
638 C 
639 
640 

C 
C 

641 
642 
643 10 
644 
645 
646 
647 
648 
649 
650 
651 
652 
653 11 
654 
655 

12 

656 

ns<58>i>=r»<58>i> 
DS<59»I)«D<59»I> 
CONTINUE 
WRITE(6»951) 
F0RMAT(//rT10,"AFT TEMP AT-TOLL.WHEEL LOCATION (DEG F 
WRITE(6»950)(CAX,I)>I = 1>NTA) 
FORMAT(//rT7»"COOLING <PPS)'tT25»6F7.2 >/) 
DO 952 I=s2?r56 
WRITE(6r 957)DFO(I) t (DS(I r J)'»J= 1 ?NTA) 
FORMAT<T7*A5,T25v6F7.0> 

CALCULATION FOR DIME-NSIONLESS TEMPERATURE 

DO 954 1=29r56 
DO 959 J=1VNTA 
T(I*J) = (DS (I?J)JDS ( 591J))/(DS (58vJ)-DS(59 rJ)) 
CONTINUE 
WRITE(6»961) 
F0RMAT(/rT1.0,"DIMENSIONLESS TEMP DISTRIBUTION:") 
WRITE<6»950)<CA(I)fI = .1.fNTA) 
DO 953 1=29 f56 
WRITE(6 t955)DFO(I) r(T(I»J) ,J=l tNTA) 
FORMAT(T7rA5?T25>6F7•2) 

TAKE AVERAGE DIMENSIONLESS TEMPERATURE 

DO 970 1=1fNTA 
TA(15fI)=(T(29»I)+T<30yI)+T(31?I>)/3, 
TA(16>I>=T(32*I> 
TAC17fI)=<T(33»I)+T<34»I)+T(35rI)>/3. 
TA<18>I) = (T(36i>IHT(37rI))/2. 
TA < 19,1) = (T < 38 ? I H T < 39 ? I)+T < 40 * I))/3 • 
TA<20Fl)*(T(41rI)+T(42fI))/2* 
TA(21rI> = (T(43fI)+T(44j'IHT(45?I))/3. 
TA(22»I)*(T(46rI).+T<47»I)+T<48»I))/3. 
T A ( 2 3 F I ) = ( T ( 4 9 ? I ) + T < 5 0 P I ) + T ( 5 1 » I ) ) / 3 < 

DO 980 J=24,28 
TA(JrI)=T(Jf28*I) 
CONTINUE 

PRINT OUT AVERAGE DIMENSIONLESS.TEMPERATURE 

WRITE(6»971) 
F0RMAT(/,T10,'AFT AVERAGE DIMENSIONLESS TEMP LUST.*8) 
W R I T E ( 6 F 9 5 0 ) ( C A ( I ) F I = 1 ? N T A ) 

DO 973 1=15*28 
WRITE(6>955)DG(I)P(TA(IrJ)rJ=l*NTA) 

PLOT AFT DIMENSIONLESS TEMPERATURE VS COOLING 

DO 10 I=15>28 
TA(I»NTA+1)=0.0 
TA(IyNTA+2)=0.2 
CA(NTA+1)=.0 * CA(NTA+2)=.l 
Y1(NTA+1)=0.0 * Yl(NTA-h2> = .2 
CALL AXIS(0.»0.>oAFT COOLING (PPS)"r~17'7. /0.,0.0» .1) 
CALL AXIS(0.»0.»"DIMENS. TEMP."915,5.»9G.»0.0*.2) 
NTAP2=NTA+2 
DO 12 1=15*28 
12=1-14 
DO 11 J=1>NTAP2 
Y1(J)=TA(I»J) 
CONTINUE 
CALL LINE(CArYl»NTAP.L,~liI2) 
CALL SYMBOL (.25*6..- • 14rTN>0.0*25) 
CALL PL0T(9.»0.,~3) 



104 

657 RETURN 
658 END' •» 
659 C ;*'*' 
660 C PRESSURE SUBROUTINES 
661 C 
662 ; SUBROUTINE APACPAfPDrP,NAfCAvD^ 
663 DIMENSION PA(22T8)»PD<22)I»P<30»6>>CAC6)VDP(30) 
664 DIMENSION AK A(6),BKA(6) 
665 DIMENSION YK8) 
666 DIMENSION TN(7)-FITITAC2) 
667 C 
668 C PRINT OUT AFT 
669 C 
6 7 0 W R I T E ( 6 F 3 1 3 ) y _ , . - , ' . ' • 

671 313 FORMATdH t //FT12F.." AFT PRESS* AT FOLL* WHEEL LOCATION (PSD I',//) 
672 310 FORMAT<//>T7*"COOLING (PPS)*'FT25F6F7*2F/) 
673 311 FORMATdH FT7FA5FT25F6F7*2) 

674 WRITE(6F310)(CA(I)FI=1,NA) 

675 WRITE(6F311) DP( 1 ) t (F'd ; 11) ? 11 = 1 FNA) 

676 WRITE(6F311) DP(3)F<P(3FII)F11=1FNA) 
677 DO 350 1=5F12 
678 350 WRITE(6F311) DP<I)F (P(IFII>F11=1FNA) 
679 DO 351 1=21F25 
680 351 WRITE(6F311) DP<I)F(P(IFII)F11=1FNA) 
681 C 
682 C TAKE AVERAGE AFT PRESSURE 
683 C 
684 DO 810 1=1,NA 
685 PA(l»I)=(P(3rI)+P(lyI))/2, 
686 PA(2FI)=P(5FI) 

687 PA(3FI)=(P(6FI>+P(7FI)>/2* 

688 PA(4FI)=P(8FI) 

689 PA(5FI)=(P(9FI)+P(10FI))/2* 

690 PA(6FI)=P(11FI) 

691 PA(7FI)=P(12FI) 

692 P A ( S F I ) = ( P ( 2 1 F I M P ( 2 2 F I ) ) / 2 * 

693 PA(9FI)=P(23FI) 

694 PA(10FI)=P(24FI) 

695 PA(11FI)=P(25F1) 

696 810 CONTINUE 
697 WRITE(6F801) 

698 801 FORMATdH ,//? T15F "AFT AVE •PRESS* (PPS) " ) 
699 W R I T E ( 6 F 8 0 9 M C A ( I ) F I = 1FNA) 

700 809 F0RMAT(//FT7F"COOLING (PSI)X "FT25F6F7*2s>/) 
701 DO 803 1=1,11 
702 804 WRITE(6,802>PD(I)y (PACIFJ)FJ=1FNA) 
703 802 FORMATdH FT7FA5FT25F6F7.2) 

704 803 CONTINUE 
705 CKA="C03" 
706 C3="C33-C23a 

707 ITITA(1)="AFT COOLIN" 
708 ITITA(2) = "G •(P'PS)i 
709 DO 31 J=1FNA w 

710 BKA(J)=P(3FJ) 

711 AKA(J)=P(8FJ)-P(6FJ) 

712 31 CONTINUE 
713 C 
714 C PLOT AFT AVERAGE PRESSURE VS COOLING 
715 C 
716 DO 10 I=1F11 

717 PA(IFNA+1>=-1* 

718 10 PA(IFNA+2>=»5 

719 CA(NA+1>=*0 $ CA(NA+2)=.l 
720 Y1(NA+1)=-1* '* Yl(NA+2)=*5 721 CALL AXISfO* FO* t "AFT COOLING (PPS) ° F-17F7* F(> * F *0F • 1 > 722 CALLAXIS(0*FO*F" AVE* PRESS* (PSI) " ? 17,6* »90* r-1 * ? . 5) 



723 K=NA+2 
724 DO 12 1=1?11 
725 DO 11 J=1,K 
726 |Y1(J)=PA(I»J) 
727 11 CONTINUE 
728 CALL LINE(CAfYl>NAflf-l>I> 
729 12 ̂ CONTINUE ,, 
730 CALL SYMBbLU25*7-:, .14*TNr0.0*25> 
731 CALL PL0T(9*»0»*-3> 
732 RETURN 
733 END 
734 SUBROUTINE APF<PA*PDrP*NF»CF*DP>AKF*BKF>CKF»B3 
735 DIMENSION PA<22»8> »PD<22> rP<.30r6'> rCF<8> »DP<30> 
736 DIMENSION AKF(6>,BKF(6> 
737 DIMENSION Yl<8) 
738 DIMENSION TN(7)tITITFC2) 
739 C 
740 C PRINT OUT FORWARD 
741 C 
742 WRITE(6,312> 
743 312 FORMATdH r//rTl2? "FORWARD PRESS AT FOLL WHEEL 
744 WRITE(6»310)(CF(I)?I=1>NF> 
745 310 F0RMAT(//>T7,"COOLING <PPS)I">T25>6F7*2>/> 
746 WRITE(6»311>DP(2>»(P(2»I1>»I1=1»NF> 
747 WRITE(6,311)DP(4>*(P(4, II >» i:i = l *NF> 
748 DO 341 1=13*20 
749 341 WRITE(6>311> DP(I)r<P<ItII)»11=1»NF) 
750 DO 342 1=26t30 
751 342 WRITE(6»311> DP(I)r(P<IrII)»11=1rNF) 
752 311 FORMATdH *T7>AS,T25»AF7.2) 
753 C 
754 C TAKE AVERAGE FORWARD PRESSURE 
755 C 
756 DO 820 1=1,NF 
757 PA(12*I)=(P(4>I>+P(2*I>>/2* 
758 PA(13*I)=P(13*I> 
759 PA(14,I> = (P(14>I>+P(15>3:>>/2, 
760 PA(15*I)=P(16*I> 
761 PA(16»I> = (P(17*I)-fP(18>I>>/2» 
762 PA(17>I)=P(19*I> 
763 PA(18>I)=P(20>I> 
764 PA(19»I)=(P(26>I>+P(27>I>>/2* 
765 PA(20,I)=P(28*I> 
766 PA(21,I)=P(29,I> 
767 PA<22»I)=P<30>I> 
768 820 CONTINUE 
769 WRITE (6,811) 
770 811 FORMATdH * / / * T 1 5 » "FOR* AVE*PIRESS» (PS I > " > 
771 WRITE(6>815>(CF(1')»I = 1»NF> 
772 815 FORMAT(//>T7,"COOLING (PSI):*,T25,6F7*2y/> 
773 DO 813 I=12»22 
774 WRITE(6*812> PD<I)t (PA(ItJ)tJ=l*NF> 
775 812 FORMATdH t!7tA5*T25*6F7.2) 
776 813 CONTINUE 
777 CKF="B03" 
778 B3="B33-B23" 
779 ITITF(1)="F0R COOLIN" 
780 ITITF(2)="G (PPS)" 
781 DO 30 J=lrNF 
782 BKF(J)=P(4,J> 
783 AKF(J)=P(16»J)-Pd4yJ) 
784 30 CONTINUE 
785 C 
786 C PLOT FORWARD AVERAGE PRESSURE VS COOLING 787 C 788 * DO 10 I=12>22 



789 PA(IFNF+1)=-1. 

790 10 PA<IFNF+2>~»5 

791 CF(NF+1) = »0 $ CF<NF.+2>«.1 
792 YKNF+1)=-1. *'Yl <NF+2) = .5 
793 CALL AXIS<0»»0*»"FQR* COOLING <PP 
794 CALL AXIS<0*>0*»"AVE* PRESS. <PSI 
795 K=NF+2 
796 DO 12 I=12»22 
797 DO 11 J=l.rK 
798 Yl(J)=PA(IrJ) 
799 11 CONTINUE 
800 12=1-11 
801 CALL LINE<CF»Yl»NF»lr-l'Fl2)-
802 12 CONTINUE 
803 CALL SYMB.0L<*25s>7*r.l4rTN*0*0>25> 
804 CALL PLQT<9.»0.F.-3> 
805 RETURN 
806 END 
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COMPUTER PROGRAM FLOW CHART 

ABSTRACTS 

DEFINITIONS 

PART I: 
THERMO-

GENERAL \pRES$URE TAPS 
kDEFINITIOf 

fREAD DATA 
TN,DA,AA, 
CC,DD,CO, 

NCF,NRA 

JT-

NR = NCF NR = NCA 

READ: 
N1,CPM,HF, 
TT,CF,CA 

:ALCULATIONS: 
CONVERT CF & 
CA TO LBM/SEC 

PRINTOUT 1:/ WRITE: 
TN,DA,AA, 
CR,DD,CO, 
ETC. 

PART II 
WHEEL 
TEMPERATURE 

T/ READ ^ 7 
/ NTR,NTA / 

NTC = NTF 

TO 740 



740 

PART I I I : WHEEL PRESSURE 

NR = NF NR = NA 

» r-

/ READ N / 
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fAFT ONLY 
READ P 

WRITE DP,P 

CALL APA 

CALL AFT PLOTS 

PART IV: 

PRESSURE DIFFERENCE 

FORE ONLY 
READ P 

4RITE DP,P 

r — CALL APF 

CALL FOREPLOTS 

320 

READ NBF, 
NBA 7 

400 

FORE & AFT 
READ P 

WRITE DP,I 

CALL APA, APF 

CALL FORE & 
AFT PLOTS 

320 



no 
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APPENDIX II 

GRAPHS OF TEMPERATURES, PRESSURES, AND SEAL 

PRESSURE DIFFERENTIALS AS A FUNCTION OF COOLING 

FLOW RATES FOR TESTS LISTED IN TABLE R-l 
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LIST OF GRAPHS FROM APPENDIX 3A, 3B AND 3C 

FIGURE NO. (PHASE I ) 

TEMPERATURE 
(AP. 3A) 

PRESSURE 
(AP. 3B) 

APT-A 

SORT P.O. 
(AP. 3C) 

AF1-A 

FORE 

X 

AFT TEST NUMBER 

ATI-A 

PRESSURE 
(AP. 3B) 

APT-A 

SORT P.O. 
(AP. 3C) 

AF1-A 

FORE 

X 

AFT 

F1A7 Baseline 

AT1-B AP1-B AF1-B X F1A7 Baseline 

AT2 AP2 AF2 X A3 Speed Ef fect 

AT3 AP3 AF3 X A5 Speed Effect 

AT4-A AP4-A AF4-A X F2A6 Rim Space 

AT4-B AP4-B AF4-B X F2A6 Rim Space 

AT5-A APB-A AF5--A X F3A7 Rim Space 

AT5-B AP5-B AF5-B X F3A7 Rim Space 

AT6-A AP6-A AF6-A X F4A8 Rim Space 

AT6-B AP6-B AF6-B X F4A8 Rim Space 

AT7-A\ . 7\R7-A AF7-A X F5A9 Rim Flow 

AT7-B AP7-B AF7-B X F5A9 Rim Flow 

AT8-A ? AP8W\ AF8-A X F6A10 Rim Flow 

AT8-B AP8-B AF8-B X F6A10 Rim Flow 

AT9 AP9 AF9 X A12 Rot. S t a t . 

ATIO APIO AFIO X A13 Rot. S ta t . 

ATI!-A APT!-A AF11-A X F8A14 Radial Seal 

AT11-B AP11-B AF11-B X F8A14 Radial Seal 

AT12-A AP12-A AF12-A X F9A15 Radial Seal 

AT12-B AP12-B AF12-B X F9A15 Radial Seal 
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APPENDIX IIIA 

FIGURES ATI - AT23 

DIMENSIONLESS TEMPERATURE PLOTS 



115 

BO. 

F l t t l • BRSEL INF. 

AO 
Bl 

Axm B6 
F7 
A7 
B7 

4-F8 
A8 
B8 

AO 

BO. 
*1 
B6 

TFT 

A A7 
<& Bl 
Z 
* 

B4 
B7 

Xf F8 

±JAJ. 
4. B2 

BS 
TIBT 

wi ° 

O 

o 
CNI 

^ . 0 0 0 .10 0 .20 0-3U 0.40 0-50 
FOR. COOLING ( P P S ) 

0.60 0 .70 

Figure ATIA 

•K-.'. 



116 

F l f i l BfiSELLNE 

o 
o 

DO- _-C0 

* cj 
Tee 
H 

cp 
cr 
C6 
DO" TET 

A CI 
S G I 

GZ 
D7 
E8 

ia 
ED* 

to 
Q_ •-

<£? 
uj-o 
2Z 

CD 

o 

-w 

o'. 10 ^ 0 0 0 . 2 0 0 - 3 0 0 . 4 0 
RFT C O O L I N G ( P P S 

0 . 5 0 0 - 6 0 0 . 7 0 

Figure ATIB 



117 

D O - - .CO 

R 3 - 5 P E E D E F F E C T 

c CO & [CI • IC2 
* 
X 

C3 
C6 

0 
2 

C4 
C7 

f|C5 
Y C8 

HDO 
7|E7 

k D7 
E8 

x|08 

o 
on 

CO~ 

a. -. 
:EZ° 
LU 
t ~ 

ai° 
2: •_ 
L U 0 

z: 

o 
CSJ 

a 
o 

o'. io ^ . 0 0 0.20 0.30 0.4 0 
RFT C O O L I N G ( P P S 

0.50 0'.60 7.70 

Figure AT2 



118 

R5 SPEED E F F E C T 

DO 

ci 
C2 
C3 
C4 
C5 
C6 
E7 
07 

a 
£8 
D8 
C8 

.^CL 

{ t 
ej ICO A CI • i KG2 

- t£ l ££4 1 G S . 
X G6 Z 

X 
C7 
D7 

X 
& 

G* 
H DO 

Z 
X 

C7 
D7 

X 
& D8 

i E7 $ E8 

o 
o 

Q_ • -

UJ 
K-

2 : •. 
L U ° 

r: 
CD 

O 

^ - 0 0 0.10 0.20 0-30 0.40 
AFT COOL I N D ( P P S 

0.50 0 .60 0.70 

Figure AT3 



F2A6 RIM SPACE 

o 
o 

CD 

o" 

ID 
CL. •-

AO 
BO 

51 
B6 

TF7" 

A A7 
O 
Z_ 

* 

Bl 
B4 
B7 

e F8 

A8 
B2 
B5 

119 

» — • — x -

C O ^ 
—̂ •. 
U j O 

z: 
Q 

o 
CM 

o" 

o 
o 

0'-20 

* — * . 

o'.so ~n 
0.60 

7.70 TJ.OO 0.10 0., 30 0 . 4 0 

FOR. COOLING (PPS) 

Figure AT4A 



120 

r"2A6 RIM SPflCP 

o 
Q 

c 

f 
I 
' I 

co 
£3 
G6 
DO 

AjC l 
Q1C4 

W $1E5 

G7 
D7 

• |C,2 
Tics' 
xcj. 
x|D8 

Q- -l 

+ 

£* 
UJO" 
i : 

x,, fc 

a 

oTiTo o'.6o 7.7o ^ • 0 0 o'. 10 o'.20 o'. 30 O'. 40 
RFT CODLING (PPS 

Figure AT^-B 



121 

RF8. RIM SPRCING EFF.FCT 

o 
o 

t / i ? 
2* . 
uja" 
z: 

o 
o 

© AO A A7 ± 
i. 

A8 
X BO 0 

• ' 1 . 1 * 

Bl 
B4 
B7 

± 
i. 
B2 

£ B3 
0 

• ' 1 . 1 * 

Bl 
B4 
B7 

V-

7 
B5 

E B6 
TT 

0 
• ' 1 . 1 * 

Bl 
B4 
B7 

V-

7 B8 1 
B6 
TT P F8 

^ . 0 0 0 .10 0 .20 
FOR 

0.30 
COOLING 

0.40 
( PPS 

0.50 0 .60 0 .70 

Figure AT-5A 



122 

DO-

HF8 RIM S P R U N G C4 £ 

-CO 

c_ 
X_ 
X_ 

H 

~rwr 

CO 

£JL 
C6 2_ 
DO jK 

CI 
Q]C4" 

C_7 
D7 
E8 

•p 
"cs. 

C i . 
:D8 

Li 
i l ( 

UJ 

2: •. 
U j C 3 

CTj 

O 
fvj 

^ . 0 0 0 . 1 0 0 . 2 0 0 . 3 0 0 . 4 0 0 . 5 0 
RFT COOLING [ P P S ) 

0 . 6 0 0 . 7 0 

Figure AT-5B 



F4R8 RIM 5PRCP 

123 

03: 

L j J ^ 
T: 

C i 

o 

© •\o A A7 ±| A8 
X BO <•> Bl • • & B2 
y B5 I B4 Y BS 

E B6 * B7 7 B8 
1 F7 0 Fft 

^ . 0 0 0 . J 0 0 . 2 0 0 - 3 0 0.41.) 
F O R . COOL I N G ( PPT : 

0 ..50 0.60 0-70 

Figure AT-6A 



12k 

F4R8 RIM SPACE 

co. 
01 
C6 
DO 

TIT 

A 'CI 
£3& 

C7 
D7 
E8 

i.cs 
X£L 
x D8 

o 
03 

n -5_o 

L O " 
2 : -. 

o 
C3 
rg 

o 
Q 

^ • 0 0 0 - 2 0 0 - 3 0 0 . 4 0 
RFT COOLING (PPS 

0 . 5 0 0 - 6 0 0 . 7 0 

Figure' AT-6C 



125 

o 
" in 

n • . 
1 _ C 1 

F LoR9 R I M FLOW 

© AO A A7 
x. BO €> Bl 
x B3 * 

B4 
r: B6 * B7 
i P1 C F8 

+ A8 
«• B2 
Y BS 
* B8 

o 
CO 

en 
U J O 

• 

7.b0 o'.60 ^ . 0 0 o'. i o o'.2Q 
FOR 

0. '30 
COOi ING 

40 
( PPS 

Q.70 

Figure AT-TA 



126 

F 5 A 9 R I M FLOW 

o 
a 

CO 

iM 
C6 
DO 

T 
E 

!C1 

I1E7 

2 
K 

C7 

Pi 
E8 

+ IC2 
4.E3L 
I£i 
x 08 

o 
a •. 
^ u 

UJO 

o 
o 
CM 

a 
a 

"̂W O'. 10 Q ' . 6 0 "7.70 0' .20 0.3Q 0'. 40 
AFT COOLING ( P P S 

O.bO 

Figure AT-7B 



127 

C3 
O 

F 6 R 1 0 RIM FLOW 

A£ 
B£ 
11 
B6 

-TF? 

A A7 
<£ Bl 
2 B4 
X B7 
<* F8 

A8_ 
B2 

_BS 
K5T 

* ID 

X 

I U ° 
ZT. 

CD 

o 
(NJ 

'*—.,. 

*_. . 

•—i 

0.10 0'.60 0'.70 "t.OO 0 . 2 0 0 . 3 0 0 . 4 0 0 . S 0 
F O R . C O O L I N G ( P P 5 1 

Figure AT-8A 



128 

F-6R10 R I M FLOW 

o 
CD 

e 
y 
T\ 
H 

CO 
|£I 
C6 
DO 

"T7FT $!E5 

CI 
&]C4 

C7 
D7 
E8 

>|C2 

l e i 
IPJ. 
pa 

CD 

O * 

un 
rj -. 
j - O 

c o ^ 
2 -. 
t u ° 
r: 
o 

o 
o 

0'.60 ""7.70 ^ ' . 0 0 O'.IO 0'.20 o'.30 0'.40 0 .50 
RFT C O O L I N G ( P P S ) 

Figure AT-8B 

. l i ' r l l , 



129 

^m 

H!2 RO 

o 

O <J1 

L U " 

o 

THT 

° \ * 

•JC2 

±.ci 
I C 8 . 
x D8 

o 
r j 

• * - ,. 

•*.*. 

^ . 0 0 0 . 1 0 0 . 2 0 0 . 3 0 0 . 4 0 0.1,0 
AFT COOLING ( P P S ) 

0.60 0 .70 

Figure AT-9 



130 

O 
O 

R 1 3 ROT-STfiT 

- £ 0 . 

e CO 

¥ C3 
C6 

H DO 
i E7 

AIC1 

SM 
C7 D7 
E8 

+ C2 
c? 

Y C8 
X 08 

«» 

a 
2 ^ 

U 5 " 
2 ! -. 
U J " 

o 

i C b .QQ 0.10 0.20 0-30 0,40 
AFT COOLING ( P P S ) 

Figure AT-10 

0.60 0.70 

i";i:: 



131 

F 8 R 1 4 R R O I R l . SF.RL CI . ERR 

" m 
a •-
y- O 
UJ 

2 : •. 
U J O 
31 

CD 

© ,\0 
X BO 
> B3 

r: B6 
i F-7 

A A7 
O Bl 

* 
B4 
B7 

* Ffi 

A8 
B2 
B5 

7B8 

• • • — » . 

o'.6Q ::b.oo 0.10 20 
FOR 

0 • 30 
COOL 

0.40 O . b O 0.70 
ING f 

Figure AT-llA 



132 

DO -CO-

F8R14 RRGIflL SEi'flL CLFRR. 

£1 
Ql 
C6 _2 
DO * 

C1 
'2TG4 

TW $ni3" 

C7 
D7 

• C2 

f CS 
1 
X 

00 
00 

u
 

o
 

o 
on 

o " 

o 

uo: 

U J " 

o 

o 
Q 

^TMT 0' . 10 " 0'..20 . o' . 30. 0 ' . 4 0 (T.&O 
R F T C O O L I N G .t P P S J 

0 . 6 0 
—i 
0 . 7 0 

Figure'AT-11B 



F9A15 RflDIflL SEAL CLEAR 

o 
o 

133 

Q 
CO 

O 
* to 

© AO 
X BO 
X B3 
fe B6 

* F7 

A7 
5L 
B£ 
B7 

&n 

+ 'A8 
TjB2 

BS 
"7JB8 

cP 
"x* 

UJ 

z •. 
n 

a 
o 
CM 

O 
Q 

^Too" o1.10 

4_ 
* - * -

— * . 

0 .60 7-70 0.20 0-30 0 .40 0 .50 
F O R . C O O L I N G ( P P S ) 

Figure AT-12A 



13̂  

F9R15 RRDIRL SEAL GLERR. 

o 
o 

o 
• tc 

Q_ •. 
T - a 

2 v 
I j j O 
JZ 

C^M 

m 

CO 

C6. 
DO 

CI 
Q]C4 

TfET $TE8 

G7 
D7 

C2 
CS 

X£JL 
08 

. Q P -

0'.60 ?.70 o'.i-o 20 0-30 0 .40 0 .50 
RFT COOLING ( P P S ) 

Figure AT-12B 



o 
o 

o 
co 

FlQfl16 BASELINE 

135 

o 
* Ui 

Q_ •-
2 Z ° 
UJ 

LO^ 
2 : •. 
I j j O 

TZ 

Q 

o 
(NJ 

AO 
X BO 
71T 
H i ? 
"MFT y|FT 

A7_ 
Bl 
M 

A8_ 
,B2 

"TtET 
* HT K|B8 

*-J 

o'.60 7.70 ^ . 0 0 0 .10 0.20 0-30 0.40 0.5Q 
F O R . C O O L I N G [ P P S J 

Figure AT-13A 



F1 On 16 BASELINE 

o 
o 

o 
00 

o 
tfj 

Q~ A H ° 
OJ 

n 

o 
a 
(M 

o o 

o'. i o tt&M ^ . 0 0 0-20 0.30 0-40 0 .50 
AFT GOOLING ( PPS ) 

0 . SQ 

Figure AT-13B 



137 

o 
o 

F l 1 R I M SPACE 

.30 ^ A O 
-c-Bl 

X 
"5? 

m 

AO 
BO 
JB3 
B6 

"TtFT 

AIA7 
<F Bl 

1 . M 1 
* B7 

olra* 

A8 
B2 
Bl 

W8 

a 
CD 

Q- 4 

UJ 

O 

o 
fNi 

o" 

^ ' . 0 0 o'. 10 o'.ZO C)V30 o'. 4 0 0 . 5 0 
F O R . C O O L I N G ( P P S ] 

O'.'BG 0 - 7 0 

Figure AT-1*1-



138 

o 
o 

o 
CD 

F12 RIM SPACE 

'.p 
a . •-

H ° 
IxJ 

5° 
U J " " 

o 
o 

0 .60 0.70 ^ . 0 0 0 .10 0 .20 0-30 0.40 0.50 
FOR. COOLING ( PPS 1 

Figure AT-15 

I jit 



il>-.*.fr 

139 

F13 RIM SPACE 

o 
o 

n 

KO 

B3_ 
B6 

^ J B T 
L 

A7 
BT 

51 
B7 

FT 

$ B2 
75? 

o 
OD 

Q_ • -

LU 

^ y , 

U j a " 

Z 

CD 

o 
CM 

—1 
0.70 , cb'.00 0 .10 0 .20 0 .30 0 .40 0.50 

FOR. COOLING (PPSJ 
0.60 

Figure AT-16-



lto 

o 
o 

F 1 4 R I M FLOW 

AO 

m 
B3 B6 

TtF7* 

A A7 
^, Bl 
£! 
* 

B4! 

B7 
* Nr 

+IA8 
4> B2 
~ B £ 
5TB8 

O 
CD 

Q_ • -

LU 

^ ^ 
2: -. 
UJO 

TZ 

O 

o 

o'.io O'.BO 7.70 Tj.QO 0.20 0-30 0.40 0.50 
F O R . C O O L I N G ( P P S J 

Figure AT-17 



141 

o 
" ID 

Q •-
E l " 
UJ 

Q»o ^rAo 

F i b K I M FLOW 

QUO 
X" BO 

T113 
XXB6 
TtFT 

A7 
Bl_ 
51 
B7 

IFS* 

A8 
B2 

Y BT 

03 

i n : 

U J O 
z: 

o 
o 

O 
o 

IK 

^ ' • 00 0'. I 0 0'.20 Q1- 30 ITTa0 o'.SO 
F O R . C O O L I N G ( P P S ) 

0'.60 7.70 

Figure AT--18 

;;i|:K,tj 



lA2 

' F17R17 INNER SPRCING 

Q 
O 

o 
" ID 

Q •-

i : ° 
tu 

w ° 
2: . 
U j O 

2Z 

CD 

n 

AO 
BO 
B3 
B6 

A A7 
6 Bl 
2 114 
* . B7 
* r« 

A8 
B2 
B5 

Sips 

x—' 

7.70 ^ • 0 0 0 . 1 0 20 
FOR 

0 - 3 0 0 
C O O L I N G 

40 
f PI 

0 . 5 0 0 . 6 0 

Figure AT-19A 

•it-



•1*3 

Q 

F17H17 INNER 

co 
Jf|C3 

PA 
DO 
E7 

SPACING 

(£1 ±\£L 
m ±w 
C7 Y CS" 
D7 SID 6 
B8 

OQ 

o" 

a. -J 

w ° 
z \ 
U J ° 
2Z 

O 

o 
CSi 

o" 

^ ° '1 0 o'.2o 77o " " o 7 ^ " — 7 1 7 
RFT COOLING ( P P S ) 

0.60 0 ,70 

Figure AT-19B 



'i V 

1 ' ill t 

11 111 

H iJ..1 

HM 

] M 

' I I 
.11 jl \ 

F 1 8 A 1 8 INNER SPflCF1' i ,. 

o 
o 

o 
CD 

O 
" U3 

fi.. •-
j - O 

c n ^ 
z: •. 
U j O 

n 
o 

o'. i o ^ . 0 0 0 .20 ji I1 p|.p0 0.4 0 
FOR,. IO00LING ( PPS 

0.50 0.60 

! l'1 

I I 

I tl 

0.70 

i ' F igure AT-20A 

* II 

li> I11 i 



1̂ 5 

o o 

o 
CO 

a 
• 10 

Q. •-
Xl° 
UJ 

CO. 

HJ° 

CD 

F18R18 INNER SPRCE 

o 
ra 

o 
o 

7.70 ^ . 0 0 0.10 0.20 0'.30 oTTt̂  
RFT COOLING ( P P S ) 

0.50 0". 60 

Figure AT-20B 

" :i r . ' * * iki 11* , 



F19P19 RflDIflL SEAL CLEAR. 

l J+6 

o o 

D 
QD 

O 
" CO a. •. 

n ° 
LU 

W? 
z: •. 

i u ° 
x: 
Q 

o 
CSJ 

A£ 
BQ 
B3 

HB6 

A|A7 
GET 
IE 
* B7 
P f f 

-fjA8 
4> B2 
7|? 
S|B8 

K 

o 

X .81 X o X 
X X 

o'. io 0'.60 ^Too 0.20 0 .30 0.40 0.S0 
F O R . C O O L I N G ( P P S ) 

0.70 

Figure AT-21A 

:V "f 



1^7 

Q_ A 

u J 

U j o " 
27 

O 

F 1 9 P 1 9 R R D I H L - SFJ.flL CLEAR 

y 
AFT t U O L J N G ( Pf \S ) 

0.60 0.70 

Figure'AT-21B. 



ikB 

2 U H 2 0 K W L'l I H L o L R H:!v 

5" 

r:~> 

^ . 0 0 0 .20 • 0 . 10 • 0 . 4 0 
FOR . COGL I N D ( P P S 

0 .bO Q . B O 0 . 7 0 

Figure AT--22A 



1̂ 9 

F20A20 RADIAL 'SEAL CLEAR. 

o 
o 

0 GO £. 
O 

CI 
'c? 

± 
i. 

C2 
v GS 

£. 
O 

CI 
'c? 

± 
i. 

C5 

x C6 Z 
fc 

C7 
D7 
E8 

X 
"S 

C8 

n DO 
Z 
fc 

C7 
D7 
E8 

X 
"S IDS 

i E7 

Z 
fc 

C7 
D7 
E8 

oo 
o" 

Q_ •-

LU 

^ • _ 

U j Q 

n 
• • - •+ 

a 

o 
o 

0'.60 ^ . 0 0 0 .20 0-30 0.4Q 0.50 
AFT C O O L I N G ( P P S ) 

Figure AT-22B 



CJ 
CO 

150 

F 2 ] H 2 1 RRQI«L\SEfl.L CLFHR. 

a. •. 
2 Z " 

ip^ 
'2?. •. 
L U ° 
2T 

C:J 

A£ 
BO 

B6 
"5:13 

"TtF7 

A A7= 

m Bl* 

it m * B7 
$ F8 

A8, 
B2< 

wm 
"£§8 

•*—»» 

• * — -

^ . 0 0 0 . 1 0 0 . 2 0 O . J U 0..40 
FOR . COOLING (PPS1 

u.so 0.60 0.70 

Figure AT-23A 

H ,.-1''' 



151 

o 
QO 

O 
' U3 

0- '-I 

LU 

O 

o 
CM 

o 
o 

F21fl21 RflDIRL S£RL CL 

«, _, , , r _ 
H3.Q0 0 .10 0 .20 0.30 0.40 

AFT COOLING • I P P S ) 

0'.50 — r — — 
0.60 

0.70 

.Figure AT-23B 



1 5 2 

•APPENDIX I I I B 

F ig j i^esVAp^: ' L- A P 2 - 3 5 ' -- ' •• * "'•••'• j 

PRESSORE PLOTS . ' • : ' . 



c~. 

'ft; !;; 

mm 

153 

o 
. o 

LO 
Q.. 

LQ^> 

L O C J " 

U i 
it: 

Q_ 

• o 
l i j O 

s°: 

F1R1 B^SFLIN.E 
t\m< 
%m-^ - S 4 ^ B b , •:,-•• • 

Wffl:i-!!:-- ©BO 
R-sQ^'i 

HJF7.6 * 

Bl 
B4 
£7 
F8 

T|F7;3 

T 
0.70 0 . 0 0 0 . 1 0 0 . 2 0 - 0 B 0 

F O R . G.to'O 
0.4-G 0.S0 

ING .( PP5 J 
0-60 

Flgiiije AP-1A 



• o 
' dJC 

cr 
o 

a 
o 

H 1H1 B'HStiL' I NE 

154 

© 

1 • , £ • •• ;J 

£2. £| CI 

Y "5T 
C4 
E7 Y 

K [ET.6 #; E8 

C2 

E7.3 

o 
- _ C 3 

U3 
Q_ 

U l " 1 

O O Q ' 

UJ 
ct: 
Q. 

o'. ib 0 . 2 0 7.50 0 - 6 0 7.70 0 . 0 0 
AFT 

0 . 3 U 
COOL 

0 -40 
1NG ( P P S ) 

Figure AP-XB 

O l i l i 



H i • - , r 

155 

if) 
L. 

u J 
ix: 
i \ 

OICO AlCl 
>ntr '<5jc4 

C6 T i E 7 
E7.6 TTE8 

D - G D 0 - I R ' 0 . 2 0 I ) . ^0 U . 4 U 

HTT CGIJi. ING f Pi 

+ G2 
C5 
E7.3 

O.bO 0-bO 0 .70 

Figure AP-2 



HG SPPf G [-F PL L I 

156 

01 CO A|Cll + 

Y 

G2 
rt C3- 0\C4 

+ 

Y 

C<5 
X C6 Z E7 

+ 

Y E7 
TX E7.6 ,,. E8 

en 
ci. 

O ' j " 

U J C 

LiJ 
Lt: 

a. 

cr' 

-r 

o'. 10 G -GO !0 CJ.3U 0--4Q -0 
RFT C G G L I N G ( P P G ) 

0 . 6 0 0 . 7 0 

Figure AP-3 

i..* 



2hb RIM SPRLt 

157 

o 

to 
CL 

L Q " ' 

1/3 o ' 
LU 
Q_' 
Q 

* C.i 
U | C 

£° 

.+' B2 
B£ 

JLIEZ- Y|F7.3 

LH 

o_ 
I 

o 
a 

0-00 0 . ID 0.20 
FOR 

.0.30 
COOL. IN 

o . 4 n o'.so 0-60 0.70 

Figure AP-4A. 



F 2 R B R I M S P R C L 

158 

Ol GO 

^"er 
IC1 

gTG4 

3JII 
plE7.6 TlE8 

G6 

-HC2. 
IP. 
YIE7.3 

(/J 

L O ^ 
W o " 
LU 
ct: 
Q. 

• o 
UJO. 
" " * o " 
ex 

o ' .20 Q'.BO 0 . 0 0 0 . 1 0 o.:-so 0 . 4 0 
A F T C O O L I N G f P P S ) 

o.so 0 . 7 0 

Figure AP-^B 

1 1 



a 

CO 
Qu 

a_ 

RF8 RIM SPACING' EFFECT 

159 

a 
BO 
B3 

"~*B6 
F7.6 

A Bl 

<> B4 
ji 
Jt-

F7 
F8 

+ I_B2 
f B5 
Y F7.3 

• o 
co^> 
I / J Q " 
LU 
ct: 

0-

" a 

o'.io n.sn 0 ' .60 
—1 
T . 7 0 o.oo 0 . 2 0 0 . 3 0 0 . 4 0 

FOR. COOLING (PPS 

Figure AP-5A 

i") e . 



l6o 

H F 8 R IM l i P H C ' l N G ' t\ K i: LI "I 

O 

• - . . . " . 1 

as 
a. 

• o 
a j ^ 
U J o " 
LU 
n: 
a. 

" o 
U J « 

a: 

'o'.oo 

AICO AlCl 

yfer TOT 
XX6 *2|E7 
H|E7.6 „.|E8 

+ IC2 
fjes 
Y|ET.3 

-S±===I 

0.10 0.2U 
AFT 

0.30 
COOL 

0 .4 0 
I N G ( P P 

0.50 0 .60 0.70 
S ) 

Eigure AP--5B 



M H B KIM SPHCf: 

l 6 l 

o 
in 

BO 
B3 
B6 

H|F7.6 

A Bl 
<> B4 
a F7 
# F8 

•-H B2 

YIF7.3 

en 
a. 

(/)ir> 
a J c 3 -
UJ 
or 
a. 

L U " 

5"1 

o_ 

'O'-OO 0 . 10 0 . 2 0 0 . 3 0 0 . 4 0 
FOR. COOLING (PPS 

0-bO 0 . 6 0 0 . 7 0 

'F igure AP-6A 



f 4R8 K 1M SPfiLF. 

162 

( / > • " 

L i J 

a: 
a. 

L I J i.:> 

*"CT 
CO 

0' 
C6 
E7.6 

A CI 
<•> C4 
2; E7 
* E8 

+ |C2 

£n 
Y E7.3 

V) 
Q_ .^—t-* 

' a . 00 0.10 0.70 0 .20 - , . 0 , 3 0 . 0-40 U .SO 
' ARJ/CtMJLfN'X}' ( PP'S )'•• 

O.fiO 

Figufd, #P-6B 



R J A 9 R ! 11- f L UN 

163 

en 

BO 
B3 
B6 

:iSjF7". 6 

Bl + 
B4 

B2 
BS 
F7.3 

LO 
CL

OT 

C K 
Q_ 

• c-) 
U J O 

• IH^ 

o 
o 

o'. 10 0-60 0.00 0 . 2 0 0 . 3 0 0.401 0 . S 0 
FOR . C O O L I N G f P P S ) . 

0.70 

Figure AP-7A 



o 

h l O 

o 
uT 

O 
a 

F5R9 RIM FLOW 

164 

o 
o 

o 
in 

CO AJC] 
G3 y]C4 
££ Z j-E7 
E7.6 ^ | E 8 " 

C2 

ffis 
E7.3 

in 
a. 

com 
C O Q -
LU 
ae: 
Q-

'O'-OO 0 . 1 0 0 . 2 0 Cl. 3 0 0 . 4 0 
APT COOLING ( P P S ) 

i " 
0.50 0.B0 0-70 

Figure ' AP-fB: 



L b R I G R I M PLOW 

165 

0 BO 
X B3 
X B6 

3:1 F7. 

A Bl 
<> B4 
z F7 
*• F8 

B2 

M 
F7.3 

^ 0 

to 
Q_ 

CO' 
t o , 

on 
CL 

" c J 
11 1 0 

CE 

o 
o 

'O .OO O'.JO 0.20 
FOR 

0.30 
COO 

, 0 . 4 0 
I N G ( P P S ) 

"loTbO' 0.60 0.70 

Figure AP-8A 

IM. I , 



166 

f bH l .O K 111" I LOW 

o 

a: 
Q-

0 eo 
x$J 

C6 
E7.6 

A|,C1 
Q-i|,C4 

fW 
4^M 

C2 

E7.3 

CO '•'"•' 
< y j C ) 

LLJ 

CL 

U J O 

& -

o _ 

'O'.OO 0 . 1 0 0 . 2 0 0 .30 : 0i"4;0 O.bO 0 . 6 0 0 - 7 0 
RFT C O O L I N G ( P P S ) 

Figure AP-8B 



o 

H 1 2 R O T - S I Pi T 

167 

i n 

© GO 
>HC3 
iriG6 

AJC1 
Q|C4 
2|E7 

Tt|E7.6 „:fE8 

+ |C2 

H£I 
Y E7.3 

CO 

u.. 

• CD 
C O " ' 1 

L 0 0 " 
L_; 

cm 
Q. 

"o^20 Q .bQ o'.60 'o'.oo 0 . 10 
AFT 

Q'.3Q 0' 
C O O L I N G ( 

40 
PPS 

0.70 

Figure AP-9 



168 

R ! 3 ROT 

CO 

EL 
F 6 

|E7.6 

AlCl -f|C2 
o_<?i TjcT 

£*• |E8 
YIE7.3 

o 

CO 

CO""' 
U^c^ 

en 
CL 

" o 
i i ; Q 

o 
o 

° - 0 0 0 - 1 0 Q-20 0 . 3 0 0 . 4 0 Q„b0 
A F T C O O L I N G ( P P S ] 

o'.BO 0 . 7 0 

Figure AP-10 

, ' i 



FBR14 RRDIRL SLRL CLLRR 

169 

OJfBO A [Bl 
' *TB3 <> B4 
**JB6 Z F7 
H|lF7; 6 . * F8 

B2 
B5 

Y F7.3 

CO 
Q_ 

• n 

1/3 o " 
U J 

a: 
Q. 

j ^ * * 

- | - ^ 

• o 
U j n 

S" 

i J t 
0'. IQ 0.2Q 0.4 a 

— I — -
Q . ! J 0 0.60 0.00 0.30 

F O R , C O O L I N G ( P P S ) 
0.70 

Figave AP-.11A 



QC 
Q_ 

a.. 

o 
o 

P8R14 RRDIRL SLRL CL.t.RR. 

170 

O1C0 
:*1CT 

CI A 

_ WW. 
£§. £Sl' 
E7.6 i f W 

+ C2 

.-IS* E7.3 

CO 

- o 
uo-r> 
t O n 

ir* 

o'.eo ' 0 . 0 0 0 . 1 0 0 . 2 0 0 - 3 0 0 - 4 0 Q.bO 
R F T C O O L I N G ( P P S ) 

0 . 7 0 

Figure AP-lIB 



F9A15 RflQIRC S£,RL CLEAR. 

CJ 

o 

o 
in 

•f B2 

V F7.3 

^ ^ C 3 

to 
Q_ 

• o 
CO^ 
^ Q " 
UJ 
Ql 
Q. 

• o 
UJO 

o 
a 

o1.10 0.00 0 .20 0.30 0-40 
FOR. COOLING (PPSl 

0.50 0.60 0.70 

Figure AP-12A 



iS) 

o _ 

o 
o 

F9R15 RRDIflL SEflU•<C.l'€flR,, 

172 

a 
o 

o 
in 

O1G0 
'HSl: 

•*fgl. 

SjCtf *IE7 '••• TIE7.3-
RJE7.6 *|E8 

o 
. a 

CO 

a. 

• o 
c o ^ 
COo" 
uu 
a; 
Q. 

15 £= ._—OO-

* CD 

U j a 
•A"" - "AA~ 

n — 
0.00 o'. 10 0.60 7.70 0-20 0.30 0.40 0.50 

RFT COOLING ( P P S ) 

Figure AP-12B 



o 
LO 

O 
.C3 

CO 
Q_ 

F 1 OR 1 6 BflS'EUINE 

-rBO 

c BO A Bl 

II *' B3 v/ B4 II . '*• B6 Z F7 II 
tr F 7 . 6 * F8 

B2. 
££. 
P7.3 

173 

• o 
c o ^ 
W o " 
u_i 
or 
CL 

• o 
U J Q 

o 
in 

o 
o 

o'. jo 0.60 0.00 0 .20 0.30 0.40 0.50 
FOR. COOLING ( P P S ) 

0.70 

Figure AP-13A 



F10R16 BASELINE 

rjh 

' o 
L U " 

CX 

CO 
>C1GT 

C6 
E7.6 *JE8 

AIC1 
O C4 
2|E7 

+, C2 

±01 
E7.3 

CO 

* o 
t^Ln 
tOo" 
LU 
ct: 
a. 

- I -
HI 

.f.j 0 

0 . 2 0 0 - 6 0 0 . 7 0 0 - 0 0 0 .'10 0 - 3 0 0 . 4 0 

RFT C O O L I N G f Pf 
O . b O 

Figure AP-13B 



f 1 1 RIM SPflCt-

175 

, CO 

CHBO 

"3H 
v |B6 

n 1-7.6 

A Bl 
v B4 

-* 
F7 
F8 

•4;iB2 
fTB5 
T jFT .3 

l/J 
LL. 

• c J 

u-^° 
'/->.. i • 
UJ 
ct: 
D_ 

" LD 

l i .1 <-"3 

Q . ^ Q 0 - 3 0 U - 4 Q O . b O 

FOR. COOLING ( P P M 
0 . 6 0 0 . 7 0 0 - 0 0 0 . 10 

T 

Figure AP-1^ 



F 1 2 R I M SPMCE 

176 

o 
— . 0 

A Bl 
V M 
2 F.7 
* F8 

LQ 
Q . 

• o 
C O ^ 

tf)o" 
UJ 
err 
a. 

• o 
U J O 

a. 

o'.60 7.70 ' 0 . 0 0 0 . 1 0 0 . 2 0 0 . 3 0 0 . 4 0 0 . 5 0 
F O R . C O D L I N G ( P P S ) 

Figure AP-15 



CO 

cx 

F 13 RIM SPflCP 

177 

o 

-BO 

BO 

B6 
fflFf.6 

A Bl 

Z 
B4 
F7 

4ft F8 

B5 
IFT.3 

< J-J ' 
LO, 

ct: 
Q-

—I 
0 . 7 0 '0'. GO 0 . ! 0 . 0 . 2 0 0 . J 0 0 . 4 0 O.bO 

FOR . CGGLIND (PPS ) 
0 . 6 0 

Figure. AP-16 

^/r;r V H •» 



F 14 K I II F L 0 N 

JE==__-B.O 

+ B2 
f B5. 
Y F7". 3 

178 

. , O 

cO 

l O ^ 
W o " 
UJ 
cc 
0 

* CD 
U J O 

o'. JO 7.70 COO 0 . 2 0 0 - 3 0 CI • 4 0 

FOR. CGOLINGHPPS 
u .bo. 0 .60 

Figure AP-17 

- HI * > ' « 



F 1 5 R I M PLOW 

179 

-f iB2 
TTB5 
YW.3 ' 

CO 
Q_ 

O O ^ 
CQC ; -
LU 
CC 

* o 
L U " 

cr 

o 
LO 

o 
o 

1 
•—•-"" 

* - • 

$ 

o 

"O'.OO. 0 . 1 0 0 . 2 0 0.310 0-4Q O.bO 
FOR . COJOL I N G ( P P S ) 

0.60 0.70 

Figure AP-18 



cx o 

Fl 7R17 ]NNFR .SPACING 

180 

o 
, 0 

: r B 0 
=>B1 

B6 Z 
' ^ IlllT.6 * 

Bl +JB2 

F7 TlFT.3 
F8 

CO 
Q_ 

• a 
c o ^ 
< /J (V 

cc 
a. 

0 - J O 0 . 0 0 0 - 2 0 O . i G 0 - 4 0 0 . ^ 0 
F O R . C O O L I N G ( P P S ) 

0 - 6 0 0 . 7 0 

Figure .AP-19A 



" o 
LUO 

cr 

o 
o 

F.17R17 INNER SPRCINQ 

181 

0 GO 
X1- C3 
y. C6 
•CCIE7.6 

A 
O 

CI 

m Z E7 
* E8 

+]C2 
"MC5 
Y|E7.3 

, o 

CO 
Q_ 

CO' 
CO. 

ce 
Q_ 

, 1 
0 .00 

o'.so o'.BO 0.10 0.20 0.3U 0.40 
RFT COOLING ( P P 5 ) 

0.70 

Figure-AP-19B 



182 

! sip i fj INN-. ;-)i' H 

..,, o 

(J) 

Q . 

i /J ' ^ 

" J ( ; 
Li. J 
ar 
a. 

• o 
i i . j o 

^ C J 

-BO 

^ r T IP^ " ? i OjBO 
0 2

 X |B3 , 

A Bl + 
> 
Y ' 

B2 

-J IP^ " ? i OjBO 
0 2

 X |B3 , v;' B4 
+ 
> 
Y ' 

B5 
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Figure I I ID-1 . The circumferential location of the pressure taps 
with respect to the buckets and nozzles at the wall 
of the casing 

Figure IIID-2 and IIID-3 shows the circumferential pressure distribution 
on the forward and aft side respectively for different cooling rate for 
4 lbm/sec axial throughflow and 3000 rpm wheel speed. Pressures are gage 
pressure measured relative to ambient. 
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APPENDIX IV-B 

PHOTOGRAPHS OF WHEELSPACE APPARATUS 
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PHOTOGRAPHS OF WHEELSPACE APPARATUS 

Figure 1B1. Overview of Wheelspace Test Facility. 

Figure 1B2. Side View of Wheelspace Test Apparatus. 

Figure 1B3. Inside View of Aft Wheelspace with Wheel Removed. 

Figure 1B4. Rim Cover with Blades and Rim Flow Instrumentation, 

Figure 1B5. Seal Area Instrumentation. 
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Figure Bl. Overview of Wheelspace Test Facility, 
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Figure B2. Side View of Wlieelspace Test Apparatus . 
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Figure B3. Inside View of Aft Wheelspace with Wheel Removed. 
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Figure B4. Rim Cover with Blades and Rim Flow Instrumentation, 
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Figure B5. Seal Area Instrumentation. 
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