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1.0 INTRODUCTION 

The work reported herein was conducted at the Arnold 
Engineering Development Center (AEDC), Air Force Systems 
Command (AFSC), at the request of the Arnold Engineering 
Development Center (AEDC/DOTR), under Program Element 65807F. 
The test was conducted by ARO, Inc., AEDC Division (a Sverdrup 
Corporation Company), operating contractor for the AEDC, AFSC, 
Arnold Air Force Station, Tennessee, under ARO Project Number 
P4lT-A6. The test was conducted on January 3 and 9, 1979 in 
the Propulsion Wind Tunnel (16T) of the Propulsion Wind Tunnel 
Facility (PWT). 

The purpose of the test was to obtain tunnel and com­
pressor performance data with the Tunnel l6T compressor in a 
two-stage configuration. Data to verify the adequacy of the 
compressor performance after the three-stage configuration 
was restored were also obtained. The data from this test 
will be used to verify the computer predicted compressor per­
formance determined by associated technology efforts. 

The final data from this test have been retained at PWT 
for analysis. Requests for these data should be addressed to 
the Director of Test Engineering (AEDC/DOTR), Arnold Air 
Force Station, Tennessee 37389. A copy of the final data is 
on file on microfilm at AEDC. 

2.0 APPARATUS 

2.1 TEST FACILITY 

The AEDC Propulsion Wind Tunnel (16T) is a variable 
density, continuous-flow tunnel capable of being operated at 
Mach numbers from 0.2 to 1.6 and stagnation pressures from 
120 to 4000 psf. The maximum attainable Mach number can vary 
slightly depending upon the tunnel pressure ratio requirements 
with a particular test installation. The maximum stagnation 
pressure attainable is a function of Mach number and available 
electrical power. The tunnel stagnation temperature can be 
varied from about 80 to 160°F depending upon the available 
cooling water temperature. The test section is 16 ft square 
by 40 ft long and is enclosed by 60-deg inclined-hole perforated 
walls of six-percent porosity (see Fig. 1). Additional informa­
tion about the tunnel, its capabilities and operating character­
istics, is presented in Ref. 1. 
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2.2 TEST INSTALLATION 

The test article for this test was the Tunnel l6T com­
pressor. To facilitate the installation of the succeeding 
test entry, the auxiliary high pitch system (AHIPS) was 
installed in the test section in addition to ,the main sting 
support system. The test section installation is shown in 
Fig. 1. The orientation of the Tunnel l6T test section and the 
compressor in the tunnel circuit is shown in Fig. 2. 

The Tunnel l6T compressor (el) is a three-stage, axial­
flow machine which is operated at a constant speed of 600 rpm. 
It is driven by four electric motors developing a combined 
maximum of 216,000 hp. The design point of the machine is 
specified as an inlet volume flow of 200,000 cfs at a pressure 
ratio of 1.385 and at an inlet temperature of 100°F. The 
general arrangement of the compressor is shown in Fig. 3. 
Aerodynamic design of the machine is based on the principle of 
a constant mean swirl. The blading consists of inlet guide 
vanes, interstage stator blades, rotor blades, and exit guide 
vanes. The inlet guide vanes, exit guide vanes, and rotor 
blades are cambered, twisted, and tapered. The interstage 
stator blades have a constant chord, and the change in camber 
and radial twist is small. The inlet guide vanes and inter­
stage stator blades are remotely controllable through limits 
of 29 to -17 deg from the design point to allow selection of 
specific volume flows through the available range. The exit 
guide vanes may be adjusted manually. A more detailed description 
of the compressor may be found in Ref. 2. 

The compressor was initially operated in 1956. As a 
result of a rotor disc structural fatigue failur.e,; the com­
pressor was out of service from August 1961 to April 1965. 
The rotor assemblies were redesigned to permit construction 
using rotor blades made of fiberglass instead of stainless 
steel forgings. The original design of the inlet guide vanes, 
interstage stator blades, and exit guide vanes was retained in 
the modified compressor. A comparison between the construction 
features and the performance of the modified compressor with 
the original steel bladed compressor may be found in Ref. 3. 

The two-stage compressor configuration was achieved by 
removing the third-stage rotor blades and covering the gap 
in the compressor hub with aluminum shroud plates. The two­
stage configuration is illustrated in Fig. 4. 

2.3 TEST INSTRUMENTATION 

The compressor performance data were obtained using 
existing compressor and tunnel monitoring and static pressure 
instrumentation. Twelve nozzle, twenty test-section ceiling, 
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installation and removal. Additionally, special procedures, 
instructions, inspections, and instrumentation were provided 
for guidance during the two-stage performance investigation. 
The results of the safety hazard analysis is presented in 
Appendix A. 

3.2 DATA REDUCTION 

The standard Tunnel l6T data acquisition and data reduc­
tion equations (including the tunnel conditions print option) 
together with on-line project peculiar data reduction equations 
were used to reduce the data to engineering units. Standard 
tunnel parameters compressor interstage static pressures, test 
section ceiling static pressures and associated parameters 
were computed, tabulated, and stored on magnetic tape. The 
IBM 370 computer graphics system was used on-line to assist in 
the conduct of the test. The compressor rotor blade frequency 
signatures monitored during the test were reproduced off-line 
for analysis. 

3.3 DATA UNCERTAINTIES 

Uncertainties (bands which include 95 percent of the 
calibration data) of the basic tunnel parameters, shown in 
Fig. 5, were estimated from repeat calibration of the instru­
mentation and from the repeatability and uniformity of the 
test section flow during tunnel calibration. Uncertainties 
in the instrumentation systems were estimated from repeat 
calibration of the systems against secondary standards whose 
uncertainties are traceable to the National Bureau of 
Standards calibration equipment. The instrument uncertain­
ties are combined using the Taylor series method of error 
propagation described in Ref. 4 to estimate the uncertainties 
of the reduced parameters shown below: 

Nominal Test Conditions Uncertainty 

PT(psfa) TT (OF) MN QM(cfs) CPRM 

300 60 ±O.02S ±3000 ±O.OO9 

1000 105 ±O.OO6 ±lOOO ±O.OO3 

4.0 DATA PACKAGE PRESENTATION 

A sample of the computed steady-state data is shown in 
Table 4. The nomenclature for the data tabulation is given 
in Table 5. In addition to the tabulated data, the data 
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package consists of magnetic tapes of the steady-state 
information and blade frequency measurements. 

REFERENCES 

1 •. Test Facilities Handbook (Tenth Edition). "Propulsion 
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Development Center, May 1974. 
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4. Abernethy, Thompson, et ale 
Gas Turbine Measurements." 
February 1973. 

8 

"Handbook - Uncertainty in 
AEDC-TR-73-5 (AD755356), 



1..0 

A 

o CD 

o 0 /_ 
~---

11<0 

0~~-~d} .1 ' 

I 
ItA. 
-10 

TYPICAL PERfORATED 
WAll PATTERN 

SOLID 
A'REA 

flOW ...... - ~I 
b.-:VZZl~~ 

60· 
Section A-A 

Sverdrup I MO. ... 411DC_ 

6". Open Area 
Hole DiaMeter:ll 0.75 In. 
Plate Thicknns:ir 0.75 In. 

SOlID DIVERGED WAll SECTION 
TO ALLEVIATE STRUT BLOCKAGE 

-PERFORATED 
WAllS 

MODEL SUPPORT 
STRUT 

1;1 Ii' i ::rJ1 i -

1 
STA. 
21 

STA. 
40 

Figure 10 Tunnel l6T Test Section Installation 

PH-38C -.AtmoI4 AJP$ '1'_ 



J. 

Sverdrup I MO. .... 

RTF SCAVEllClII' 
HEADER 

r - - - - - - - -, lAKE-UP AIR HEADER 

AUXlUARY OEIAI$7 : 

I-' 
o 

PW6-40A 

MODEL 
I.STALLATIOII 

BUILDI.' 

~@: 
//) ROC~ 

COOlAHTD ( RUN UP 
CONDITIONING I COOlER STAND 

BUILDING I I 
'( ) I 
( ) I 16T 

I rr~ 
CRYOCENICSJ 1 IOZZLE SECT. 

DEIARSl ( 1 0 . 
( I 

L \.( ) I 

"1:.16-; ;RY-;O;NIC ..J TEST FUEL 
COOLING SYSTEM BUILDING NITROGEII 

STORAbf 

J
J AAEA 

OFFtE BUILDI.' ~ 

l == 
fOlJ~1 ,_ 

; com 
: BLOC 

4-T TEST L .. _ 
SECTION 

c:::::::;, 

l[l.--+IL~S:EC:O:N~O~IN~C~RREM~;ON SYSTEM -----.. • PLENUM EVACU 

-------------- --.. - --------------~.~~-~~~--.-- ' ... 

=> 

" 

!tOTOR 
DRIVE 

BUILDING 

--

~II 

-H-SUPERSOlllC TUIiEl 
!X*lPRESSOII 

FIGURE. 2. 
PWT PLANT LAYOUT 

A"" .... WAP.T_ 

, !' 



PPLB 
PPLC 

I-' ~ N 

;--Aluminum Shroud 

~- IaV Stage 1 Stage 2 
_ ,.-----A----,. 

Row 4 
Stator OGV 

Airflow 
:;0." 

. . } Pressure 
PINB PR1B I PR2B PR3B POGB PDFB. Orifice 
PINe PR1C PR2C PR3C POGC PDFC Designation 

PIGB PSIB 
PS2B ~ 

~ ... cb 
PIGC PSIC PS2C 

(2 3 4 . 5 Axial Station 
"Ref. in Figure 3 

-I A-~ 
e~ 
-<45~45'>' 

Looking Downstream 

Figure 4. Tunnel l6T Two Stage Compressor Configuration and Instrumentation 



" 

I 

A 
,~t 

U~'~\sr:~;~: ::::TP f.--+-----1~-
. \ 

--r --r--T --I 

I I r--n 
! I 

O. 010 I-----~T 

0.008 ~--t--, 

0.006 L-~~~~~~~ 
Q~ 2~ 

3~ 

0.002 LJ---+:::::::=1==:Jt;~F+--t1 
o 

w~i!~r~Y :1 ~ 1 ~ M~r J 
6 

DYNAMIC 
··PRESSURE 
UNCERTAINTY 4 

CUQI, 
psf 

2 

0 

O.~ 
REYNOLDS 
NUMBER 
UNCERTA-w.ry 0.05 
IUR x 10 I 

0.04 

0.03 
I 

.] 
0.02 

0.01
0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 

MACH NUMBER 

Figure 5. Estlmcrted uncertainties In wind tunnel parameters. 
13 

'--

·1 
~ ~ 

\ 

I 



STATOR 
BLADE 

f'1ISMATCH 

CO" 0., 0., 0) 
I-' (0., 0., 0., -3) ~ 

(0., 0., 0., -6) 

(0., 0., 0., -9) 

(0., 0., +9., -6) 

(0; 0; +6; -6) 

(0; 0; +3", -6) 

TABLE 1 

STATOR BLADE SCHEDULE AT 0 DEG INDEX 
TWO STAGE C1 OPERATIOi~ 

NEGATIVE DIRECTION 

RO~J 1 ROW 2 Rm13 
cornRoL ROON CONTROL ROOM CONTROL ROOH 

COUNTER COU~TER COWHER 

00.00 00.1)0 00.00 

00.00 00.00 00.00 

00.00 00.00 00.00 

00.00 00.00 00.00 

00.00 00.00 +07.65 

00.00 00.00 +05.12 

00.00 00.'00 +02.55 

RO~J :4 
CONTROL ROOM 

COUNTER 

00.00 

-02.51 

-05.03 

-07 f 48 

-05.03 

-05.03 

-05.03 



:' 
TABLE 2 

STATOI! BLADE SCIIEDCU! WITIt. <0, O. +6. -G) I11S1\4TCH 
TWO STAGE Cl OPEAATlOII 

I4EGATIVE DIRECTION 

ROW 1 ROil 2 ROW J ft(N If 
COIITROL 'RoOtl COIITROL ROOI'I CONTROl ROOfI tomROI. 1I0OI4 

1/lI)£)( COOHTER COONTER COUNTER altIIIT£R 

+10 +15.OS +15.26 +19.83 +10.22 

+17 +14.27 +14.45 +19.00 +OO.:f!J 

+16 +1J.114 +13.60 +lS.2g ~.52 

+15 +12.64 +12.74 +11.55 ,401.65 

+14 +11.3iJ +11.89 +ili.n +06.112 

+13 +10.97 +11. OS +15.93 +05.95 

+12 +10.H +1.1.20 +15.13 -tOS,ll 

+11 +09.32 +oa.34 +11l.31 +:l4.26 

+10 .08.43 +03.49 +13.51 ¥.>3.41 , 

+9 +07.64 +07.63 +12.69 +02.56 

+8 +06.711 ' +06.80 +11.1:16 +01.10 

+7 +05.~5 +05.95 +11,.11 +OIl.,87 

+6 +05.12 +\15.09 +10.17 400.00 

+5 +QIj.26 +011.22 +09.36 -00.112 

+4 +03.33 +\13.37 +08.50 .. CU.iS -
+3 +02.52 +02.51 

~ 

+01.65. ..()2.51 

+2, +Ol.67 +01.63 +06.81 -03.35 

+1 +00.85 +00.81 +05.96 -DIl.18 

0 00.00 03.00 +05.12 -OS. 03 

-I -00.86 -00.85 4(111.28 -05.84 

-2 -01.70 -01.70 +03.tU ..(16.65 

~l ..(IM7 -02.55 +02.55 -o7.ll8 

-Ij -03041 . -03.110 +01.69 -oa.2!l : ~ 
.!i .04.2~ ·!J:'.22 +OO,S? ..()9,M 

..fI -05.00 -1)5.011 00.00 -09.87 

·7 -OS.Y3 -05.91 ·OO,dS -10,70 

-8 -06.78 -06.73 -01.69 -11.46 

-9 -07.61 -07.56 ..Q2,S4 -12.15 

-10 -OM7 -09.35 -03.38 -u.OO 

-11 -09.27 -09.15 -DIl,2Q -13.76 

-12 -10.13 -OMS -OS.08 -ll1.W 

-13 -10.95 -lJ.711 -o!i.92 ,-15,21l 

-III ·11.17 -U.53 -06,75 :'lS.2& (WIlT) 

-15 -12.60 -12.31 .-07.61 

-16 -13.39 -ll.O3 -08.46 

-11 -111,22 -11.85 -0':1.26 
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I-' 
0"1 

Part Compressor 
!No. Config. 

5 
6 2-stage 

23 3-stage 
24 
+ 

25 

1 
26 

1 
27 

1 
, ----------_._--

Table 3 

Test Matrix Summary 

NCN N M PT (psf) TT (OF) 

1 1.00 300 60 

33 1.417 

1000 105 

45 1.604 

1 1 

Stator Blade Index, deq . 

IGV Sl S2 S3 

+ 6 + 6 +12 0 
0 0 0 0 
0 0 0 -3 
0 0 0 -6 
0 0 0 -9 
0 0 + 9 -6 
0 0 + 6 -6 
0 0 + 3 -6 

+12 +12 + 9 +9 
0 0 0 0 

- 6 - 6 - 6 -6 
0 0 0 0 

- 6 - 6 - 6 -6 
- 9 - 9 - 9 -9 
-10 -10 -10 -10 
-10.5 -10.5 -10.5 -10.5 

0 0 0 0 
- 6 - 6 - 6 -6 
- 9 - 9 - 9 -9 
-12 -12 -12 -12 
-12.5 -12.5 -12.5 -12.5 

0 0 0 0 
- 3 - 3 - 3 -3 
- 6 - 6 - 6 -6 
- 6.5 - 6.5 - 6.5 -6.5 
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_ TEST SECTWN CONOn~lON:S ____________________ . _____ _ _______ _ 
STl 1.0 2.0 3.0 4.0 5.0 6.0 1.0 B.O 9.0 10.0 11~0 12.0 1).0 14.0 15.0 16.0 

---------
__ LX __ 2.o6.6~.L2.ll.~6..6.7 2066.6 2.0.6.6 .• 9_2066~'15"7 2066.' 2066...L2-066,' 2066.9 20M.8 2466.6 2OU.o .l..'_2i[lOw.s1ll6i., • ..,''-________ _ 

.. x 0.0197 0.01541 0.OU7 0.OU7 0.0170 0.01)94 0.0062 0.013'7 0.0170 O.OUIl 0.C)137 0.0094 0.OU8 0.0170 0,,-0154 0.0137 

STA 11.0 18.0 19.0 20.0 MA 2S1G DELM 
-LL-2.066.JlL.2U6.J--206.6...'L2CA6...L-. AkUU--O .. O.cU ..0.00.11'10-8 ___ _ 

M I C.Ollm 0.0154 0.0137 0.0209 

.-.... -----------------------



Line 1 

PART 

POINT 

PROJECT 

TEST 

DATE 

DAY 

HR MIN SEC 

MODE 

DELP 

PROC DATE 

WIND-OFF 

SET 

Line 2 

M 

PT 

P 

Q 

REX10-6 

TT 

TTR 

Table 5 

Tabulated Data Nomenclature 

Data part number (a data sub-set containing 
variations of only one independent parameter) 

Test point (a single record of all test 
parameters) 

Test project identification number 

Test number 

Date of data acquisition, month/day/year 

Calendar day number 

Time of data acquisition, hr:min:sec 

Code signifying one of several standard or 
test peculiar data acquisition routines 

Code signifying selection of various primary 
tunnel condition measurements for data 
reduction 

Date of computation of data, month-day-year 

Part and point used for windoff reference, 
part/point 

Constant set number, indicates the constant 
set used for the data reduction 

Free-stream Mach number 

Total pressure, psfa 

Free-stream static pressure, psfa 

Free-stream dynamic pressure, psfa 

Reynolds number 

Total temperature, of 

Total temperature, oR 
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Table 5. Continued 

Line 2 - Continued 

H 

PC 

DP 

WA 

TPR 

5Hxl0+3 

PTI,E 

CPR 

Line 3 

PTA,B* 

PCA,B 

DPA,B 

MDSYNC 

PCD 

DPIO 

TTA,B 

TIO 

TDP 

WAE 

WAW 

WASCH 

NCN 

Pressure altitude, ft 

Tunnel l6T plenum pressure, psfa 

Tunnel differential pressure, PT-PC, psf 

Average test section wall angle, deg 

Tunnel pressure ratio 

Tunnel specific humidity 

Tunnel compressor .inlet/exit pressure, psfa 

Tunnel compressor pressure ratio, PTE/PTI 

Total pressure, psfa 

Plenum pressure, psfa 

Differential pressure, PT-PC, psf 

Main drive on-synch indication 

Plenum pressure, PT-DP, psf 

Pressure differential total minus venturi 
static at Valve 10, psf 

Stagnation temperature, OF 

Temperature at Valve lO, of 

Dew point temperature, OF 

East cart wall angle, deg 

West cart wall angle, deg 

Desired wall angle schedule 

Nozzle contour number 

*A,B indicates redundant measurements of same quantity. 
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Line 4 

MC 

DM 

MI 

REMC 

WT 

WP 

WP/WT 

PMI 

PM2 

PM3 

PM4 

PDI 

MWD/PSF 

PD~ 

ECT 

CPRC 

QCTXIO- 3 

Line 5 

SBARl,2,3,4 

DWPE 

DWPW 

WCT 

CART 

MD 

Table 5. Continued 

Plenum Mach number 

Tunnel calibration factor, M -M 
00 c 

Uncorrected test Mach number 

Reynolds number correction to Mach number 

Test section weight flow, lb/sec 

Plenum weight flow, lb/sec 

Weight flow ratio 

M-I motor power, MW 

M-2motor power, MW 

M-3 motor power, MW 

M-4 motor power, MW 

Total main drive input power, MW 

Main drive power factor, MW/psf 

Main drive output power, MW 

Corrected compressor efficiency, percent 

Corrected compressor pressure ratio using CPR 

Compressor corrected volume flow, cfs 

SI,2,3 t 4 stator blade angle, deg 

East diffuser wall position, counts 

West diffuser wall position, counts 

Compressor weight flow, lb/sec 

Test cart number 

Desired Mach number (constant box) 
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Table 5. Continued 

Line 5 - Continued 

MTOL 

Lines 6 and 7 

DP7lA,B 

PNXY 

MNA,B 

CPRMA,B 

QMA,BX10~3 

WNA,B 

CPRCA,B 

QCA,BX10- 3 

PTI3 

TRF 

ECCA,B 

Lines 8 and 9 

PXY 

Desired Mach number tolerance 

Differential pressure across the compressor, 
PTE-PTI, psf 

(x=12,28,32,36,39,40; y=A,B) Nozzle static 
pressure, .psfa 

Nozzle Mach number 

Measured compressor pressure ratio, 
(PTI+DP7l) 
\ PTI 

Compressor volume flow based on nozzle 
Mach number, cfs 

Tunnel weight flow based on nozzle Mach 
number, lb/sec 

Corrected compressor pressure ratio using 
CPRMA,B 

Corrected compressor volume flow using 
QMA,B, cfs 

Tunnel compressor inlet pressure, psfa 

Reference total temperature, of 

Corrected compressor efficiency using 
CPRCA,B and QCA,B, percent 

(x = PL,IN,Rl,Sl,R2,S2,R3,OG,DF see Fig. 4; 
Y = B,C) Compressor interstage static pressure, 
psf 

Lines 10 and 11 

CPRZX 

BPRZX 

Compressor stage pressure ratio, PYX/PWX 
(X = B&C; Z = 1,2,3; Y = Sl,S2,OG; 

W = IG,Sl,S2), see Fig. 4 

Compressor blade pressure ratio, PYX/PWX 
(X = B&C; Z = 1,2,3,4,5,6,7; Y = IG,Rl, 
Sl,R2,S2,R3,OG; W = IN,IG,Rl,Sl,R2,S2,R3) 
see Fig. 4 
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Line 12 

PES1C 

PES2C 

PESMl 

PESM2 

PESMW 

MWP/PSF 

MWTOT 

MW/PSF 

V12 

V3 

V10 

V15 

EMX 

ECMX 

Line 13 

STA 

PX 

MX 

Line 14 

STA 

PX 

MX 

Table 5. Continued 

Plenum evacuation system (PES) first increment 
configuration . 

Plenum evacuation system second increment 
configuration 

PES first increment motor power, MW 

PES second increment motor power, MW 

PES total motor power, MW 

PES power factor, MW/psf 

Tunnel l6T total power, MW 

Tunnel l6T total power factor, MW/psf 

Valve 12 position, percent 

Valve 3 position, percent 

Valve 10 position, percent 

Valve 15 position, percent 

(X=1,2,3,4) Main drive motor efficiency, 
percent 

(X=A,B) Measured compressor efficiency, 
percent 

Nominal tunnel station, ft 

Test section ceiling static pressure, psf 

Test section Mach number based on PX 

Nominal tunnel station, ft 

Test section ceiling static pressure, psf 

Test section Mach number based on PX 

22 



Table 5. Concluded 

Line 14 - Continued 

MA 

2SIG 

DELM 

Average test section Mach number computed 
from PX between stations 6 and 18 

Two standard deviations of test section 
Mach number tunnel station, MA 

Difference between the calibrated Mach number 
and the average test section Mach number 
(M-MA) 
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A APPENDIX A ARO SYSTEM SAFETY HAZARD ANALYSIS 
~ 

f'reporf: orl9,nol and 'wo copies. Forward one copy each '0 Safe'y O(('Cf: and Fot//"y 
D~'f.:.-

December 4, 1978 
AF Tes, Direc,or. Keep one copy. 

,...­
I :>N SECTION FAC:/OEPT "-;"y BACH 1'1'" ., 

FSD,P:r\, P-Plant, 'ii,T~' ;~~~ts 

,-t 

Tunnel 16T, 
Cl Compressor 

OVERALL OPERATION OR PROCESS '--"""" 
C1 Compressor Two Stage Operation (3rd stage Blades Removed) 

REMARKS 

FPO, PBS 

--.-

This analysis is performed in support of Project P41T-A6, 16T Compressor Performance (Phase B) 
Additional information and sketches are shown in Attachment 1. 

This analysis addresses the equipment hazards associated with Cl two stage operation only. 
Hazards associated with normal operation and personnel safety are covered by existing procedur 

I 

ACTIVITY /CONDITION 

1. Removal of Row No. 3 
blades and spacers 

2. Insta11ation'of Aluminum 
Shroud Fairing 

HAZARD 

1a. Blade or spacer damage 
from handling and storage. 

lb. Hardware left in tunnel. 

1c. Tools or equipment left 
in tunnel. 

2a. Incorrect installation 

2b. Fairing structural 
failure 

2c. Fairing bolt failure 

, 

FURTHER SYSTEM SAFETY TREATMENT IS REQUIRED: 

PREVENTIVE MEASURE 

1a. Established handling and 
storage methods will be 
utilized. Applicable por­
tions of maintenance Proce­
dure 262M will be followed. 

lb. An accounting of items re­
moved will be made. Foreign 
Object Control Procedure 
No., 000-32 will be utilized 

1c. Existing Foreign Object 
Conto1 Procedure 000-32 
will be utilized. Each 
tool taken into tunnel 
will be accounted for and 
established procedures 
followed. 

2a. Special instructions will 
be prepared to ensure pro­
per installation of all 
components in accordance 
with Dwg. PT006S4S. An in­
spection will be performed 
by engineering personnel. 

2b. A detailed stress analysis 
has been performed. The 
pressure a~ss the plate 
will be monitored utilizinq 
transducers with adequate 
response and limited to 1.5 
psid. A warninq will 
sound at 1.2 psid. 

2c. Detailed stress analysis 
has been performed. New 
locking nuts will be used 
and specified torque values 
Id~" ~~ ~~hAYO~~n_ 

~NO \ 0 YES. WILL BE OOCUMENTEO BEFORE (MUST BE EARLIER THAN START OF WORK COVEREo.I 
(EST.OATEI, 

,.::q ..... , . ..... .. , ..... , .. -



System Safety lJazarcJ lIna1ysis 

'-0" 

Activity/Condition 

~ompressor operation 
at high pressure 
ratio 

-2-

Hazard 

2d. Damage to fairing caused 
by relative movement of 
existing stator shrouds 

2e. Hardware, tools, or 
equipment left in 
tunnel 

2f. Loose bolts and/or nuts 

3a. Inadvertent stall at 
high power. 

3b. Damage as a resuit of 
·300 psf stall check 

3c. Undetected rotating 
stall 

25 
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Preventive Measure 

2d. Plate attachment holes 
are oversized allowing 
rel~tive movement between 
No. 3 and No. 4 stator 
shrouds. Proper bolt 
torque values are important 
and will be ensured. 
(See 2a.) 

2e. Existing Foreign Object 
Control Procedure 000-32 
will be followed. Tools 
will be accounted for as. 
in 1c. Additionally a 
thorough accounting of each 
new i~em taken into tunnel 
will be made. 

2f. Torque values will be double 
checked by a second indivi­
dual. Careful visual inspec­
tions will be made by super­
visory and engineering per­
sonnel after the stall checks 
are completed. 

3a. Stall line will be defined 
at Pt = 300 psf. Intentional 
stalls will not be permitted 
at higher pressures. All 
operation will be carefully 
monitored by the Duty Engi­
neer to prevent stall 
conditions. 

3b. A careful and detailed in­
spection will be made by 
engineering personnel after 
stall checks. Special and 
existing checklist will be 
used. 

3c. A microprocessor based 
system will continuously 
monitor (2) Row I and (2) 
Row 2 blades for frequencies 
near the blade natural 
frequency. This system was 
developed for C2 and has 
proven effective in rapid 
detection and indication of 
stalled zones. 

I 

I 
I 
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·~t 

Sy!,tem Safl·ty Hazard llTlEllysis 

Ac~v~/Condition 

~ompressor operation at 
high power 

S. Removal of fairing 
shroud and hardware 

~installation of 
Row No. 3 blades and 
-components 

-3-

Hazard 

4a. Blade damage from 
overstressing 

Sa. Failure to remove all 
material 

6a. Incorrect Installation 

6b. Loose bolts and/or nuts 

6c. Tbols, hardware, or 
equipment left in 
tunnel. 

6d. Degradation in performance 
caused by changes in seal 
clearance. 
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Preventive Measure I 

4a. stress analysis has been 
. performed and limits estab- I 

lished at 4600 psi bending i 
and ±l100 psi dynamic. I 
Three Row No. 2 and Two Row l 
No. 1 blades will be continu f 
ously monitored. Minimum 
instrumentation requirements 
specified in FSD/P Checklist 
PlOC-06-0lA will be adhered 
to. Possibility of over­
stressing other blades will 
be minimized by setting in­
put power limit at 106 MW. 
(180 normal with 3rd row 
blade~ installed). 

Sa. Special instructions will be 
provided for removing compon 
ents. All items removed 
must correspond to account­
ing of newly installed items 
in 2e. 

6a. Reinstallation will conform 
to existing assembly drawing 
and instructions. Instal­
lation will be inspected 
by engineering personnel. 

Gb. Each bolt and/or nut will 
be double checked by a 
second individual for 
proper torque. 

Ge. Foreign Object Control 
Procedure 000-32 utilized. 
Tools will be accounted 
for as in le. 

6d. Adequacy of compressor 
performance will be veri­
f~ed by conduct of a stall 
check in the three stage 
configuration. 

! , 



ATTACHMENT No. 1 

PROJECT DESCRIPTION 

The 3rd stage rotor blades of the Transonic Compressor Cl will be removed and 
a metal shroud will be installed to cover the opening created. The objectives • 
of the test are:' To establish a two-stage Compressor Cl operating mapi to 
determine the potential power savings and tunnel l6T operating limits; and 
establishment of an experimental data base, for comparison to analytical calculations. 

COMPRESSOR CONSIDERATIONS 

Two stage operation and the modifications required increases the potential for 
excessive blade stresses (over powering) and foreign object damage. The composite 
rotor blades have exceeded the designed life cycle and excessive stresses will 
decrease remaining life and/or result in blade structural failures. The blades are 
also susceptible to shell damage from loose debris. 

The purpose of this analysis is to identify hazards associated with two stage operation 
and specify preventive measures required to minimize their occurrence. 

MODIFICATIONS REQUIRED 

, Modifications required to insure satisfactory two-stage operation are: 

. a. Removal of the 33 third row rotor blades and blade spacers. 

b. Design and installation of a fairing shroud to provide a smooth cover between 
the 3rd and 4th row stator blades. 

c. Instrumentation for the 2nd row rotor blade stresses must be installed. 
1st and 3rd row existing.) 

(Only 

d. Installation of appropriate instrumentation for detecting pressure differential 
across the fairing shroud. 

The above modifications are shown on Dwg. PT006545 and the sketch below. 

OPERATING AND STRESS LIMITS 

As a result of engineering and design analysis the following operating and component 
stress limits have been established. 

a. Compressor mapping requiring stall conditions will be performed at PT = 300 psf 
only. Other data will be obtained at higher pressures with test section flow 
established. 

b. Blade stress limits are: 

Centrifigual plus bending = 4600 psi 
Dynamic ± 1100 psi 
(Strain gage located at 150 in. radius) 

27 
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Attachm"llt 1 -2-

c. The power input to the compressor will be limited to 106 MW to further 
ensure against non-instrumented blade overstresses. 

d. The differential pressure across the shroud will be limited to 1.5 psi. 
A warning will be provided at 1.2 psi. 

". 

28 



6Z 

..$ '3 Q t/ -r .EJ 
I (>10 rJ (7.) ~ "'Z,..., o..~ (~7 

~SI'=J. Qt L(/ ri?!J~fJ /VllIb'Lf ____ ~~ ........... 

;<, ,.V 0 ::) a Vl3 -:!. 'l"o'H-'=7 /V I:;) 

Q S 1-; ct. ..t. (/ ;)9 (11;) !V( f/Y...L. S ______ ~ 

S 3 (J VI"" d. "",q~ 

a~£.. /.g (j3{.JnJ~o 

.J.,..., ;'1 oN Yo 1'1 y--;nx' CI J"( /-f..L 

, 

\ 
OhoYH.f .£~ M=~ 

i:Jo.J. f./.l.,S 0/'11...L11 x::;} . 
'Cf37noS'rvVCJ-L d" 

rJ /.J t (f'1.M lJ"'d-.( d "l( p rn -z. . 
hI lAa I p ;)-If Mh;;) J:L -> f­

i'/ "?lH.1.j'Z'O (0/VIYIY..::/ OYl0:::dI-/>, 

(~-41.s~ <::\"...LJ '1jMQ 

y1,...\o.A5-pol f?~A+)( ']) 

(f~ f-f S' 9111:d 111.::/ • 't 

~ : . 


