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x. RESULTS 

A high-speed turbomachinery test cell has been successfully 

designed, and is under construction at this writing. The facility 

provides separate storage, assembly, control, and test cell areas and, 

although originally intended for investigation of stall and surge 

phenomena, provides ample room for expansion into related research areas. 

Test rotors have been designed for drive by a General Electric 

T64-6B turboshaft engine which, when used with one or two 1:1.2 ratio 

gearboxes, is capable of delivering 1650 HP at speeds from 12000-20400 

rpm in either rotational direction with some overrange available. 

Speeds up to 17000 rpm at 3000 HP are possible with the rotor directly 

coupled to the engine. 

The selected test rotor originally had 14 stages of axial-flow 

blading and was designed to operate at 17070 rpm. Individual stages of 

blading can be removed as -desired. Available power is sufficient to 

drive up to 5 stages of this rotor at design speeds. 

Instrumentation provided allows monitoring of all parameters 

necessary for control, operation of the system within specified limits, 

and evaluation of engine and compressor performance. 

The mounting system has been designed to perform the required 

functions of accommodating thermal expansion, locating and aligning 

components, eliminating undesirable vibratory responses, and providing 

easily altered configurations. In addition, the total system provides 

a desirable high factor of safety and complete freedom from any torsional 

resonances within the specified operating range. 
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XI. DISCUSSION OF RESULTS 

The engine selected was well suited to the intended application. 

It provided ample speed and power for driving the initial test rotor 

and other rotors -- larger or smaller -- which may become available in 

the future, but is not oversized to the extent that operating economy 

suffers. The major limitation was caused by the fuel control, which 

prohibits operation below 12000 rpm. Modifications to the fuel control 

or selection of different gearboxes could provide these lower speeds if 

desired. 

The gearboxes obtained were not the ones originally selected and 

did not provide as wide a speed range as had been anticipated. However, 

they did meet the established facility requirements without causing the 

lengthy delay necessary to obtain the original choices. As mentioned 

above, different ratios may prove more desirable for other areas of 

investigation. 

The couplings chosen were a flexible disk type and were selected 

for their simplicity of design, convenience for use, and availability. 

Research activities involve short, intermittent operation of the system. 

For applications where lengthy or continuous duty is desirable, gear 

type couplings may prove more acceptable. 

The mount system provided a simple, easily constructed means of 

obtaining the desired results. Thermal expansion within the system was 

accommodated by mounting all components from the underside only, which 

allowed freedom in a radial direction. The couplings allowed expansion 

in the axial direction. The structure is sufficiently rigid to maintain 
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alignment under all foreseeable conditions and can support larger 

rotors than involved herein. Location and movement of components for 

various configurations was provided by the individual support and 

anchor systems used. The total dynamic system should be acceptably 

free from vibrations but could require further investigation. 

As discussed, the selection of components was based on providing a 

vibration-free torsional system. This was accomplished to the extent 

that no torsional resonances occur within the operating range of the 

system. Although avoiding resonances does not insure a troublefree 

system, it definitely enhances that possibility_ 

Any axial vibrations within the system will be accommodated by the 

couplings, which will allow relative motion between components in the 

axial direction. 

Bending vibrations are generally associated with unbalance within 

the system. In this case, each component has been designed and balanced 

for operation at the speeds involved and should create little, if any, 

problem in this area. Additionally, sufficient bearing locations and a 

rigid support structure will aid in constraining the system from these 

motions. However, the possibility does exist that coupling effects may 

allow non-critical vibrations in one component to excite critical 

vibrations in an adjacent component. Unfortunately, as noted by Badgley 

and Hartman [12], the analytical capability for performing the complete 

solution to the coupled vibration problem does not exist. For this 

reason, and as a general safeguard, vibration transducers were mounted 

throughout the system for monitoring of dynamic levels to insure 
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operation within acceptable limits. Thus, conformance with all system 

requirements has been achieved. 



XII. RECOMMENDATIONS 

The facility described includes many desirable features which pro­

vide for versatility and safety of operation. However, certain improve­

ments could become desirable depending upon operating requirements. 

Among these are: 

1) Filtration of inlet air to the drive unit to reduce the 

possibility of unwanted accumulation of deposits which 

may cause maintenance problems. 

2) Treatment of the inlet and exhaust to reduce the noise 

levels associated with test runs. 

3) Investigation of the engine control system to determine 

possible means of achieving lower operational speeds for 

future research applications. 

4) Investigation of the fatigue life of the compressor 

blades to determine if the surge conditions involved 

in the test work may produce premature failures. 

5) Design of a brake system for use in emergency situations 

and as an aid in decelerating through lower system critical 

speeds. 

6) The installation of an automatic alarm system which 

monitors critical system parameters. 

7) A tie-in with the campus computer system to aid in 

data reduction and analysis. 
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Appendix A 

Manufacturer Specifications for Components 

Item 1 - Engine Specifications 

Item 2 - Coupling Specifications 
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Item 1 - Engine Specifications 

Intermediate Maintenance Manual NAVAIR 02B-105AJA-6-l 

Model • • • • • • • 
Type of Engine • • • • 
Type of Compressor 
Output Power • • • • • 

. . . • T64-GE-6B 
• Turboshaft 

Axial-Flow 
• 3080 shaft horsepower 
• 14 Number of Compressor Rotor Stages • 

Variable Geometry • • • • • • • • • • • • • Inlet guide vanes, stator 

Type of Combustion Chamber 

Gas Generator Turbine Stages 
Power Turbine Stages • • • • 
Direction of Engine Rotation 

Basic Engine Length (includes torque 
sensor shaft and housing) •••• 

Basic Gas Generator Diameter (outside 
diameter across actuators) • 

Engine Weight (dry) • • • • 
Center of Gravity • • • • • • 

vane stages 1 through 4 
• Single, annular, through­

'flow 
• • 2 

• 2 
Counterclockwise (aft 
looking forward) (both 
turbines) 

• 83.36 in. 

21 in. (max) 
717 lbs (max) 

• 1.38 in. below engine 
horizontal centerline; 
27.35 in. aft of front 
frame forward flange; 
0.52 in. left of vertical 
centerline (aft looking 
fonvard) 

Engine Mounting . • • • • • • • .. • • • • • 4 main pads, on the front 
frame at the 2, 4, 8, 10 
o'clock positions 

Fuel 

Lubricating Oil • • . . 
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2 mounts on the combustion 
chamber flange (adjacent 
to forward flange) at the 
12 and 6 o'clock positions. 
MIL-T-5624G t Grade Jp-4 or 
Grade JP-5 

• • • • MIL-L-23699 



Intermediate Maintenance Manual NAVAIR 02B-l05AJA-6-l 

Power Turbine Output Shaft Ratings at Standard Sea Level Static Conditions--T64-GE-6B Engine 

11ax Gas Output Max Measured 
Minimum Generator Turbine Shaft SFC Power Turbine 

Rating SHP RPM* RPM** (lb/shp/hr) Inlet Temp 

Maximum (5 min) 3080 17,800 13,600 0.485 11 80°F 

Military (30 min) 2910 17,680 13,600 0.490 l1600F 

Normal 2450 17,500 13,600 0.511 11100F 

90% Normal 2205 13,600 0.525 

75% Normal 1840 13,600 0.556 

100 percent gas generator turbine speed equals 17,070 rpm. 
*Max allowable continuous gas generator turbine speed is 17,800 rpm (104.3 percent). 

Max allowable transient gas generator turbine overspeed limit shall be l8t250 rpm 
(107 percent) for a period not in excess of 10 sec. 

**Max allowable continuous output speed is 17,000 rpm. 

....... 
N 



Item 2 - Coupling Specifications 

Rexnord Double-Flexing Disc Coupling 

Thomas flexible couplings engineering catalog 861 

Series 52 couplings are high-speed, high-torque-capacity precision 
couplings designed for drives requiring a minimum shaft-supported weight. 
Superior performance is maintained for life by utilizing modern machining 
and balancing techniques and combining them with the features of: No 
Lubrication--No Backlash--No Wearing Parts. 

These couplings are all steel and have a center-member design that 
is variable to suit application requirements of shaft spacing. All 
parts are solidly bolted, permitting high-tensile steel discs to do the 
work of accepting misalignment while transmitting 100% of the torque. 

f-·_· 
, 

I 
A G 

SERIES S2 

IL~ 
L_ .... __ .~_--I .•. ____ ....... __ 

FReE 
END 
FLOAT ,> 

Dinwn~ion G vnril's with hore SIH~('ifi('d. 

Size No. 
Max. Bore · · Max. RPM 
Max. Horsepower 
Dim. A 
Dim. B 
Dim. e 
Dim. F 
Dim. G 
We~ght 

. · · . . · · . (std. ) 

. . . . . 

per 100 RPM 

. . 

llTR ••••• 2. 
Increase in WR per inch 

of Dim. C 
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· . . . 

· 
· . 

262 
2 5/8 in. 
20,400 
14.9 
6 5/8 in. 
2 5/8 in. 
5 in. 
10 1/4 in. 
4 7/32 in. 
26 lb 2 
130 Ib-in. 

2 
3.1 lb-in. 



Appendix B 

Computer Program for Determining 
Compressor Horsepower Requirements 
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The computer program used to produce Fig. 7 in the text was devel-

oped as follows. Values for inlet temperature and pressure are assumed 

along with a value of compressor efficiency. Based on the design stage 

pressure ratio (1.2) the off-design pressure ratio is calculated as 

follows: 

where N is the number of stages in use. This pressure ratio is then 

used to determine the pressure rise through the compressor. 

The mass flow rate is directly related to the ratio of operating 

to design speeds as follows: 

. 
M operating 

M design 

rpm operating 
rpm design 

With these parameters determined, the pO\,ler required is calculated 

from the equation given in the text: 

Power = 



C PRCG A T CALCULATE HURSEPO~ER REQUIRtD TO DRIVE CJMPRESSOR STAGES 
C AT VA~I US SPEEDS GIVEN N, PI, RPM, TIt EFF 

KcAL M 
N=l 
Pl=14.69& 
~P~=1000.00 

T1=520.0 
[FF=0.80 

1 t~ R I T ~ ( 6, 5 ) N , E F F 
5 FDR~AT(115X,tNUMBER OF STAGES =',13 .5X,·EFFICIENCY =',F5.3) 

hRITF(6,3) 
a fURMAT(/12XttRPM',12Xt'H21,12X,'T2',13X,'~',13Xt'HP') 
2 RP=(1.JC+(O.20*(RPM/11C70.0)**2))**N 

p 2= t<.P;:.>:P 1 
Y=R p:c:-.~o .286 
T2I=Y*Tl 
WCI=G.24*(T2I-Tl) 
YJC= h'e I JEFF 
H2=O.24~Tl+wC 

T2=H2/0.2391 
OT=T2-Tl 
=2~.5*kPM/17010.0 

HP=J.Z391*DT*M*715.0/550.0 
~RITE(6,40)RPM,H2,T2,M,HP 

40 FJR~AT(5F15.4) 
hP,-:::!( p ~~+ 1000.00 
If{~PM-17500.Q)2,2,lO 

I,) N=;\jt-1 
~i"1= 1 Dca. 00 

IF{Q-14Jl,l,lOO 
1::'J STOP 

END 

....... 
0'\ 



Appendix C 

Mounting System Design Calculations 
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Loads produced at the engine front frame: 

5" r- 16" ~ 5" 

370 lb 370 Ib 

t ! 
I c=J I i 1150 ft-lb t 
r-- 26"---1 

EM1 = (5)(370) + 1150(12) + (21)(370) - 26R
2 

= 0 

26R2 = 23420 

R2 = 900.7 1b 

R1 = - 160.7 1b 

Loads on support mount side member using a 4 x 4 x 3/8" angle for 

which 
4 3 I = 4.4 in and S = 1.5 in 

R 

f 1~" C 
21-"111 6" r 

I I 

} 3811 

·r 
R3 R4 



79 

Assuming load C2 to be 740/4 = 185 1b, 

kM3 = 38R4 - 32C2 - 4.5R2 = ° 
38R4 = 9970 

R4 = 262.5 

R3 = 823.3 

Mc M R3x 
a =-=-=-= ISS 

(823.3)(4.5) = 2469 psi 
1.5 

V R3 823.3 
T = A = dw = 4(3/8) = 548 psi 

Tensile strength of stee1SUT = 60,000 psi 

Shearing yield strength SSY = 0.577 (SUT) 

= 34620 

34620 
Factor of safety = 2469 - 1 = 13.02 

Fha 2 
y = 6EI~ (2!b - 2b) at R2 due to R2 

900(4.5)(33.5) ~ ~ = 2(38)(33.5) - 2(33.5) 
6(29)(106)(4.4)(38) 

= 1.407 x 10-3 in. due to R2 

Fbx 2 2 
y = 6EI! 2! (!-x) - b - (!-x) 

- 185(6)(32) [2(38)(6) _ 2(6)21 
- 6(29)(106)(4.4)(38) J 

-3 = 0.468 x 10 in. 

-3 
Y total = 1.875 x 10 in. 
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41" oE 27~" .... 
~ 

, 6u r­
I 

Reaction to load at columns 

Fl = 900.77 lb 

18" F2 = 185 lb 

1 
J 

Assuming fixed supports with intermediate load, we find the reaction at 

the columns to be: 

Due to PI 

Pb2 
Rl = - (3a + b) 

R,3 

Pa2 
R = - (3b + a) 

2 R,3 

~ = Pab2/R,2 

M = Pa2b/R,2 
2 

R = 900(33.5)2 [3(4.5) + 33.5] = 865.87 lb. 
1 (38)2 

R = 900(4.5)2 
2 (38) 3 

{3(33.5) + 4.5) = 34.87 lb. 

2 
M = 900(4.5)(33.5) = 3147.58 in-lb 

1 (38) 2 

M2 = 900 (4.5)2(33.5)/(38)2 = 422.81 in-1b 
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Due to P2 

185(6)2 
R1 = 3 [3(32) + 6] = 12.38 lb. 

(38) 

2 
R2 = 185(32) [3(6) + 32] = 172.62 lb. 

(38)3 

2 
M = 185(32)(6) = 147.59 in-1b 

1 (38) 2 

M = 185(32)2(6) = 
2 (38)2 

787.15 in-1b 

Summing the reactions: 

R1 = 878.25 1b 

R2 = 207 .. 49 1b 

M1 = 3295.17 in-1b 

M2 = 1209.96 in-lb 

Eccentricity at column 1, 

at column 2, 

e = MJR = 3295.17/878.25 = 3.75 in. 

e = M/R = 1209.96/207.49 = 5.83 in. 

Using the secant formula we have: 

I a I = P [1 + ec sec L IT] 
max A 2 r V4EA 

r 

I I 878.25 (1 + 3.75(1.75) sec ~ 
a max = 2.228 (1.16)2 1.16 

878.25 ) 

4(2.228)(29)(106) 

la/ = 2317.3 psi max 

Each column support rests on a 51t I-beam which has a moment of 

inertia of 12.1 in4. This large value of inertia results in low 
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levels of stress for the above loads and calculations were not 

necessary_ 

Loads due to sudden bearing seizure: 

EMl = (5) (370) + 4600(12) + 21(370) - 26R2 = 0 

26R2 = 64820 

R2 = 2493.08 

Rl = - 1753.08 

Loads on support mount side member using a 4 x 4 x 3/8" angle 
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C2 = 710 = 185 lb. 

EM3 = 38R4 - 32C2 - 4.5 R2 = 0 

38R4 = 17138.86 

R4 = 451.02 

R3 = 2227.06 

Mc M R3x 
0=-=-=--= 

ISS 
(2227)(4.5) = 6681.18 psi 

1.5 

V R3 2227 
T = A = dw = 4(3/8) = 1484 psi 

34620 factor of safety = - 1 = 4.18 6681 

This stress was shown to be the largest obtained in the previous ca1cu-

lations and thus continuation is not necessary. 
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DESIGN OF A HIGH-SPEED TURBOMACHINERY 

TEST CELL AND COMPONENTS 

by 

James Emory Thomas 

(ABSTRACT) 

The design and construction of a high-speed turbomachinery 

research facility is reported. This facility provides a drive system 

utilizing a gas turbine engine, two speed-increasing gearboxes, and 

interconnecting couplings to deliver 1650 HP to test rotors at speeds 

from 12000 to 20400 rpm in either rotational direction. A multistage 

axial-flow compressor was assumed as the load for initial design 

calculations. A vibration analysis was conducted to insure that no 

torsional resonances occurred within the operating range of the 

system. 

The mounting system was designed to provide a readily changeable 

means for interconnecting components so that numerous research 

activities were possible. 

Instrumentation, monitoring and control equipment were provided 

for continuous regulation of all necessary system and test parameters. 


