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FOREWORD

This report was prepared for the National Aeronautics and Space
Administration, Lewis Research Center, under Contract NAS3-13494
to present data and performance of a two-stage fan tested with a rede-
signed 2nd-stage rotor, axial skewed slots in the casings over the tips
of both rotors, and with the resettable stators in their nominal posi-
tions. Mr. R. S. Ruggeri was the NASA Project Manager for this effort,
and Mr. H. V. Marman was the P&WA Program Manager. This teport
was prepared by G. D. Burger, T. R. Hodges, and M. J. Keenan with
contributions from B. Gray, A. Finke, J. Rawlins, A. Merrow, C. Klein
and other P&WA personnel.
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TWO-STAGE FAN
1II. DATA AND PERFORMANCE WITH ROTOR TIP CASING TREATMENT,
UNIFORM AND DISTORTED INLET FLOW

G. D. Burger, T. R. Hodges and M. J. Keenan
Pratt & Whitney Aircraft

SUMMARY

Tests were conducted on a highly loaded, two-stage fan designed for a tip speed of 1450 ft/sec
[442 m/sec] and an overall pressure ratio of 2.8. The purpose of the tests was to determine
detailed aerodynamic performance of the fan with rotor tip casing treatment. The casing
treatment consisted of axial skewed slots located over the tips of both rotors. Fan perfor-
mance data were obtained for uniform and for distorted inlet flows. The data obtained in a
previous test of the fan without casing treatment was used for determining the effects of the
casing treatment.

With uniform inlet flow, casing treatment improved stall margin at part speed without reducing
efficiency or flow; at 70 percent of design speed stall margin increased from 17% with the

solid casing to 26%. At design speed, stall margin decreased from 12% with the solid casing

to 10%. The adiabatic efficiency on the operating line was 82.2% at design speed with casing
treatment, which is 1.5 percentage points less than the design value and 2.8 percentage points
below the value obtained with solid casing. At design speed and pressure ratio, the fan achieved
a corrected flow of 183.5 Tbm/sec [83.3 kg/fsec] which is 0.4% below the design value of

184.2 Ibm/sec [83.55 kg/fsec].

First-stage pressure ratio and efficiency were increased by casing treatment at 70 percent of
design speed but.were decreased at design speed. Second-stage pressure ratio and efficiency
were decreased by casing treatment at all speeds. These results indicate that better overall
fan performance would probably have been achieved with casing treatment over the lst-stage
rotor and a solid casing over the 2nd-stage rotor.

Casing treatment caused significant differences in radial profiles of pressure and temperature
ratios. These profiles resulted in unusual radial patterns of blade-element performance par-
ameters, particularly for the 2nd-stage rotor in which loss apparently decreased between 85 i
percent span and the tip.

A screen-generated, tip-radial distortion, covering approximately the outer 40 percent of the
inlet annulus area and with a distortion parameter, (Pmax - Pmin)/Pmax, of 0.14 at design
corrected flow, increased stall margin at design speed from 10% with undistorted flow to 16%.
At 70 percent of design speed, distortions generated by the same screen reduced stall margin
from 26% to 15%,; efficiency levels were the same as with undistorted flow. The distortion
was completely attenuated at design speed for near-stall and midrange data points, and ap-
proximately half of the distortion was attenuated at wide-open throttle.



A circumferentially distorted inlet flow, covering approximately a 90-degree segment of the
fan inlet annulus area and with a peak distortion parameter of 0.13 at 99 percent of design
corrected flow, increased stall margin by two percentage points at design speed and did not
change overall performance at 70 percent of design speed. Stall pressure ratio at design speed
was lower with the distortion, but the fan could be throttled to a lower flow before stalling.

In general, casing treatment improved stall margin relative to the solid casing in operating
regimes where rotor tip loadings caused stall. Thus, at low speed where the lst-stage rotor tip
was highly loaded, casing treatment increased the stall margin, but no benefit was obtained

at design speed where loadings at the hub of the second stage caused stall.

INTRODUCTION

An extensive program has been conducted by NASA on high speed, highly loaded, single-stage
fans. Based on demonstrations of good performance at high speeds and loadings in single
stages, a two-stage, highly loaded, high-speed fan was designed, fabricated, and tested. The
objectives of the two-stage fan program were to evaluate the stage matching problems, dis-
tortion tolerance, response to stator adjustment, and effectiveness of casing treatment for
such a fan. Design tip speed for the two-stage fan was 1450 ft/sec [442 m/sec]; design pres-
sure ratio was 2.8; tip diameter was 31.0 in. [0.787m], and the hub-tip ratio at the inlet to
the lst-stage rotor was 0.4. Design corrected flow per unit annulus area at the 1st-stage rotor
leading edge was 42.0 ll:tm/sec-ft2 [205 kg/sec-m2] , giving a design corrected flow of 184.2
Ibm/sec {83.55 kgfsec]. Details of the aerodynamic and mechanical designs are given in
Reference 1.

Good aerodynamic performance was documented during the first test of this two-stage fan.
However, this first test was abbreviated due to flutter on the 2nd-stage rotor blades and crack-
ing of the root leading edges of some stator vanes. Results of the first test are reported in
detail in Reference 2.

The 2nd-stage rotor blades were redesigned with partspan shrouds to eliminate flutter, and
the fan was rebuilt with these redesigned blades. A radially skewsd pressure ratio profile
was also incorporated into this redesign with the objective of increasing stall margin. Hub
pressure ratio was raised to increase flow velocities at the hub, thereby reducing critical
blade-clement loadings. Steps were also taken to eliminate stator cracking. Additional 1st-
stage stator vanes were fabricated to insure that all vanes in the rebuild would meect the de-
sign thickness specifications. Stator leading edge pressure sensors were not used on either
stator in the rebuild to avoid stress concentrations, since the data from the first build had
shown that stator discharge instrumentation provides the same information as the leading
edge sensors with good accuracy. Design details of the 2nd-stage rotor with the partspan
shroud are given in Reference 3.

The modified two-stage fan was tested with solid casings to document performance with sta-
tors set at their design stagger angles. Tests were run with uniform inlet flow and with tip-

radial, hub-radial, and circumferential inlet distortions. Results of these tests are reported
in detail in Reference 3.



Stator stagger angle optimization tests with solid casings were conducted at 70 percent,
100 percent, and 105 percent of design speed with uniform inlet flow to obtain increased
overall fan efficiency and stall margin. Results of these tests are reported in detail in
Reference 4.

Axial skewed slots in the casings over the rotor tips have been shown to be an effective
means of improving stall margin when critical loadings occur at rotor blade tips, while
causing only a small penalty in operating line efficiency. Casing treatment can be particu-
larly beneficial when inlet flow distortions are present. Casing inserts with axial skewed
slots were therefore designed to replace the smooth casings over the rotor tips. Slot con-
figurations were based on designs used successfully in previous NASA test programs (ref.
5 and 6). Casing treatment tests were conducted with uniform iniet flow at 70 percent,
85 percent, and 100 percent of design speed and with tip-radial and circumferential inlet
distortions at 70 percent and 100 percent of design speed.

This report presents the test results obtained with the modified two-stage fan with stators
set at their design stagger angles and with casing treatment consisting of axial skewed slots
over both rotors.

The symbols used in this report and performance parameters are defined in Appendix A.

APPARATUS

AERODYNAMIC DESIGN
The two-stage fan test arrangement is shown schematically in Figure 1, and a detailed
description of the aerodynamic and mechanical design of the fan is given in Reference 1.

A detailed description of the redesigned 2nd-stage rotor used in this test is given in
Reference 3.

Design performance parameters at the design point are summarized in Table 1.

TABLE | — DESIGN OVERALL PERFORMANCE PARAMETERS

Corrected Speed: NA/8 = 10720 rpm - Corrected Flow: W\/8/6 = 184.20 |bm/sec
[83.55 kg/sec]

PRESSURE RATIO ADIABATIC EFFICIENCY (%)

Local Cumulative Local Cumulative
Rotor 1 1.786 1.786 89.4 89.4
Stator 1 976 1.742 - 85.3
Rotor 2. 1655 2884 89.9 86.5

Stator 2 971 2.80 - 837



The fan was designed without inlet-guide-vanes (IGV) but with the provision for adding a
variable camber IGV at a later date. Stators were designed with the ability for resetting at
different stagger angles without requiring removal of the fan from the test stand. Both
stators were designed to turn the flow to the axial direction (design position). The tip
diameter of the lst-stage rotor inlet was selected as 31 inches [0.787 m| to permit use of
existing hardware and to allow adequate horsepower margin for the drive engine. With a
required Ist-stage rotor tip speed of 1450 ft/sec [442 m/sec], the design speed corrected to
standard inlet conditions was 10,720 rpm. The inlet inner case diameter was held at a mini-
mum of 10 inches [0.254 m] to prov1de clearance for the front bearing compartment. The
specific flow at the inlet to the 1st-stage rotor was set at 42.0 lbm/sec.:-ft2 [205 kg/sec-m ]
consistent with advanced lan technology. This, with the specified hub-tip ratio of 0.4 and
the chosen tip diameter, yielded a design inlet corrected flow of 184.2 lbm/sec [83.55 kg/fsec].

The average Mach number at the fan exit was approximately 0.5, a practical value for
thrust augmentation.

Flowpath convergence and wall curvature between inlet and exit were used to control velocity
profiles and biade acrodynamic loadings (diffusion factors) near the walls. Design loadings
were similar to those for which good single-stage performance has been obtained, as explained
in Reference 1.

Blockages were included in the aerodynamic design to account for boundary layer growth
on the casing walls and for presence of the rotor partspan shrouds. Boundary layer dis-
placement thickness at the 1st-stage rotor inlet was assumed equal to that measured down-
stream of inlet bellmouths used in research programs at Pratt & Whitney Aircraft. Growth
of the wall displacement thickness through the blade rows of the two-stage fan was
estimated using a correlation developed by W. T. Hanley (ref. 7) wherein growth along the
casing walls is chiefly a function of wall static pressure gradient. To account for the
presence of partspan shrouds, a blockage equal to the percent of total annulus area
occupied by the shroud was applied at the exit of each rotor and the inlet of the following
stator, and half this amount was used at the inlet of each rotor. No allowance for shroud
blockage was applied at the 1st-stage or 2nd-stage stator exits. Total blockage inputs to the
streamline analysis calculation at various axial locations were computed as the sum of end-
wall blockages and shroud blockuges and were applied equally to all stream tubes,

The axial spacings between rotor and stator of both the Ist-stage and 2nd-stage were held
to a minimum, as shown in the flowpath drawing in Figure 2, which is in line with actual
engine design practice. A spacing of slightly more than one inch {0.0254 m] was allowed
between stages to provide room for radial and tangential traverse instrumentation at the
exit of the lst-stage stator. Coordinates of blade edges at the hub and tip are given in
Figure 2. The differences between the coordinates of the original and redesigned 2nd-stage
rotor are due to changes in blade edge location. Flowpath walls were not changed.



Rotor and stator blade sections for both stages of the fan were multiple-circular-arc (MCA)
airfoils designed on conical surfaces which approximate stream surtfaces of revolution.
Blade setting angles were determined from design flow angles and incidence and deviation
angle criteria described in Reference 1. Blade chords were chosen to be consistent with
moderate axial lengths, acceptable loadings, and structural requirements. Airfoil leading
and trailing edge radii and blade thicknesses were chosen to provide mechanical integrity
 while maintaining adequate flow area. A partspan shroud was located at 61 percent span
on the 1st-stage rotor and at 60 percent span on the redesigned 2nd-stage rotor. A view of
a rotor and stator for each blade row of the two-stage fan is shown in Figure 3.

Design details of the lst-stage rotor, the Ist=stage stator, the original 2nd-stuge rotor, and
the 2nd-stage stator, including manufacturing sections defined on planes normal to the
stacking line, are given in Reference 1. Detuils of the redesigned 2nd-stage rotor are given
in Reference 3. A summary of important design paramcters of btades and vanes is given in
Tuble 1. Stator velocity vectors calculated for the negatively sloped total pressure profile
of the redesigned 2nd-stage rotor showed that both stators would be satisfuctory for tests
with the redcsigned rotor.

TABLE Il — BLADE AND VANE GEOMETRIC PARAMETERS

FIRST-STAGE SECOND-STAGE
Rotor
Rotor Stator {Redesign) Stator

Nuinber of airfoils 28 46 60 59
Aspect ratio! 248 275 2.63 2.20
Hub chord, inch [meter] 3.62 [0.092] 2.75 [0.070] 2.10 [0.053] 2.22 [0.056}
Tip chord, inch [meter] 4.55 [0.116] 3.10 [0.079] 1.89 |0.048] 245 [0.062]
Hub solidity 2.38 2.52 2.24 2.25
Tip solidity 1.33 1.55 1.27 1.66

VAverage length/axially projected hub chord

ROTOR TIP CASING TREATMENT

Rotor tip casing treatment,.consisting of axial skewed slots partitioned into front and rear
sections of equal length, was used over each rotor. The casing treatment design is shown

schematically in Figure 4, and the geometric design parameters are listed in Table III. The
slot partitions were centered on the blade stacking line of each rotor.



TABLE 11l — CASING TREATMENT DESIGN PARAMETERS

Rotor 1 Rotor 2

Number of slots’ 252 476
Slot Width
Land width (Circumferential) 2.0 2.083
Slot Width
Slot depth? 5.0 10.
Axial Projected Chord

glot leading edge (%) 19.2 16.8

slot trailing edge (%) 82.1 855
Width of Axial Partition
Total Axial Length 0.1147 0.1067
Siot Area
Total Area 0.5902 0.6036

1 Each slot divided into equal front and rear sections
2 Width measured normal to direction of slot sides, depth measured in direction of slot sides.

MECHANICAL DESIGN

Predicted rotor and stator stresses due to static and dynamic loads are well within the
capabilities of the materials selected. Rotor blades were fabricated from AMS 4928
(titanium alloy); stator vanes were fabricated ltom AMS 5613 (stainless steel); and disks,
spacers, and hubs were fabricated from AMS 6415 (low alloy steel). The 1st-stage rotor
blades have partspan shrouds at 61 percent span from the hub to avoid resonances, and the
redesigned 2nd-stage rotor blades, used in the test described herein, have partspan shrouds
at 60 percent span from the hub to avoid flutter. An oil damped front bearing was in-
corporated as a result of the initial tests which revealed incipient critical speed problems.
Mechanical design of the original fan configuration is described in detail in Reference 1, and
details of the rotor redesign and oil damped bearing design are given in Reference 3.

TEST FACILITY

The test program was carried out in a sea-level compressor test stand (Figure 5) that was
equipped with a gas turbine drive engine with a 2.1:1 gearbox to provide speed-range
capability. Airflow entered the rig through a calibrated nozzle. A 72 ft (21.9 m] straight
section of 42 in. [1.07 m] diameter pipe ran [rom the nozzle to a 90 in. [2.29 m] diameter
inlet plenum. A wire mesh screen and an “‘egg crate” structure located in the plenum pro-
vided a uniform total pressure profile to the compressor. The airflow was exhausted from
the compressor into a toroidal collector and then into a 6 ft [1.83 m]diameter discharge
stack. The stack contained a 6 ft [1.83 m] diamcter valve to provide back pressure, or
throttling, for the test compressor. Two smaller valves, a 24 in. [0.6]1 m]} and a 12 in.
[0.305 m], located in the bypass lines provided fine adjustment of back pressure.



The desired inlet distortion patterns were generated by means of screens attached to a 1in.
x 1in. [0.0254 m x 0.0254 m] mesh base-screen of 1/8 inch [0.0032 m] diameter wire.

A rotatable case with 1?2 struts located 33 in. [0.84 m] upstream of the rotor leading edge
was used to support the base screen. Sketches of the tip-radial and circumferential distor-
tion screens are shown in Figure 6. These screens are identical to those used during the
distortion studies reported in Reference 3.

Rotor strain-gage and inlet hub static pressure instrumentation leads were routed through
the nonrotating nose fairing. Ten struts, 14 inches [0.356 meters] upstream of the rotor
leading edge, supported the forward bearing and the assembly for the strain-gage slip-ring.
Eight struts located 11 inches [0.28 meters] downstream of the stator trailing edge
supported the rear bearing.

INSTRUMENTATION AND CALIBRATION

Airflow to the compressor was measured by means of a calibrated nozzle designed to the
standards of the 1SO (International Organization for Standards). Airflow measurements
were within one percent accuracy. The compressor speed was measured by means of

an impulse type pickup. The pickup was an electromagnetic device which counted

the number of gear teeth that passed within an interval of time and converted the

count to RPM. Between 4,000 rpm and 12,000 rpm, accuracy was within 0.2%.

All temperatures were measured using chromel-alumel, type K thermocouples and were
recorded in millivolts by means of an automatic data acquisition system. Temperature
elements were calibrated for Mach number over their full operating range. Effccts of total
pressure level on temperature recovery were accounted for by using the corrections found
in Reference 8. The thermocouple leads were calibrated for ¢ach temperature element.
Overall rms temperature accuracy was estimated to be +1.0°F [+0.56°K] .

Wedge probes which measured total pressure, static pressure, and air angle and combination
probes which measured total pressure, total temperature, static pressure, and air angle were
calibrated for Mach number as a [unction of indicated static-to-total pressure ratio, with
pitch angle as a parameter. Total pressure recovery and yaw angle deviation were caljbrated
as functions of Mach number and pitch angle. Accuracy of the measured air angles was
within 1.0 degree.

All pressures from probes, fixed rakes, and static taps were measured with transducers and
recorded in millivoits by an automatic data acquisition system. The accuracy of the pres-
sure was 0.1 of the full scale value. Ali pressures from instrument locations upstream of
the lst-stage rotor trailing edge were measured using 15 lbf/in.2 [1.033 x 109 N/m2] tull-
scale transducers. Pressures {tom the trailing edge of the 1st-stage rotor and from all down-
stream locations were measured using 50 lbf/in.2 [346x 10° N/mz] full-scale transducers.
Two proximity detectors, located over the tips of each rotor blade at midchord, were used
to monitor blade tip clearance.

Photographs of typical instrumentation are shown in Figure 7, and the axial and circum-
ferential positions of the instrumentation are shown in Figures § and 9, respectively.
lnstrumentation for measuring overall and blade ¢lement performance data is listed in Table IV,



TABLE IV — PERFORMANCE AND BLADE ELEMENT INSTRUMENTATION

INSTRUMENT PLANE LOCATION

Sta. Q- - Inlet Plenum Chamber

Sta. 6-- Rotor 1 Inlet (2.25 in.
[0.0673 m] upstream
of Rotor 1)

Sta. 8-- Rotor 1 Exit (approx.
halfway between Rotor 1
TE. and Stator 1 L.E)

Sta, 11 - - Stator 1 Exit (halfway

between T.E. of Stator 1
and L.E. of Rotor 2)

Sta. 14 - - Rotor 2 Exit

Sta. 16 - - Fan Discharge (within
14 chord downstream of
Stator 2)

Sta. 17 - - Rig Exit

PARAMETER

tP.p&
air angle 8

P

tip

ttp

iT.Pp &
air angle 8

tfp

ttp

tP.p. &

air angle §

T

TYPE AND QUANTITY
6 pressure taps on plenum wall

6 bare wire chromel-alumel thermo-
couples

6 0.D. and [.D. wall static taps.

2 wedge radial traverse probes spaced
180° apart circumferentially.

two radial rakes with sensors at 10,
30, 50, 70, and 90 percent span
(distortion tests only)

4 0.D. wall static taps approximately
equally spaced circumferentially.

4 Q.D. and 4 I.D. wall static taps,
approximately equally spaced cir-
cumferentially.

Two NASA combination probes -
one with circumferential traverse of
one vane gap, plus radial traverse,
and second probe with radial traverse
at midgap.

4. 0.D. and L.D. wall static taps,
approximately equally spaced cir-
cumferentially.

40.D. and 4 LD. wall static taps
approximately equally spaced cir-
cumferentially.

2 wedge probes, radial traverse,
approxmately 180° apart and located
at vane midchannel.

2 wagce rakes located approximately
180 zpart, radially traversed; 10 elements
across stator gap.

2 w%ke rakes located approximately
180" apart, radially traversed; 13 clements
across stabor gaps.

One circumferential P rake, 5 elements
located at 50 percent span {used for
setting points).

1 ll_ radial locations for uniform inlet flow tests (5, 10, 15, 30, 50, 60, 65, 70, 85, 90, and 95% of passage
height); 5 radial locations for distorted inlet flow tests (10, 30, 50, 70, and 90% of passage height).

Tt Static pressure taps ahead of and behind stators are located on approximate extensions of mean channel

streamlines.



The eleven radial positions at each axial station were defined by the intersection of the
axial station and the streamlines for the redesigned fan which passed through 5, 10, 15, 30,
50, 60, 65, 70, 85, 90,and 95 percent of the passage height at the 1st-stage rotor trailing
edge. Five radial positions were used for the radial distortion tests. These five positions
were located on the streamliines which passed through 10, 30, 50, 70, and 90 percent of
the passage height at the trailing edge of the 1st-stage rotor. The radial locations at which
thése streamlines passed the leading and trailing edges of each blade row are given in Table
XII of Appendix B.

The parameters listed in Table V were used to detect and evaluate rotating stall and were
recorded continually during excursions into stall. When operating near or within the stall
region, two hot-film probes, located at the fan inlet and exit (Stations 6 and 16) with sen-
sors at 25, 50, and 85 percent of passage height from the hub, were used to record velocity
fluctuations continuously on a multichannel tape recorder.

TABLE V — STALL TRANSIENT INSTRUMENTATION

INSTRUMENTATION PLANE
LOCATION PARAMETER TYPE AND QUANTITY

Inlet Nozzle P 1 static tap downstream and 1 static
tap upstream of inlet nozzle

Ap A Ap transducer sensing the differen-
tial pressure between the upstream and
downstream nozzle static pressures

T One nozzle temperature
Sta. 0 — Plepum p One plenum static tap
T One plenum temperature
Sta. 6 — Rotor {nlet v One hot-film probe
Rotor 1, Stator 1, and P One O.D. static tap
Rotor 2 Exit each location
Rotor Blades Stress Strain-gages
Stator Blades Stress Strain-gages
Sta. 16 — Fan Discharge P One O.D. static tap
v One hot-film probe
Sta. 17 - Fan Discharge P One circumferential pressure rake

at 50 percent span

Gearbox N Impulse pick-up



Accelerometers were used to measure shaft vibration and stationary and rotating critical parts
were instrumented with strain-gages to determine levels of vibratory stress over the operating
range of the compressor.

PROCEDURES
TEST PROCEDURES

The mechanical integrity of the test compressor had been established during extensive
shakedown tests conducted with solid casings (ref. 3), and no flutter limits or shaft vibra-
tion problems were encountered over the full operating range. A brief shakedown test was
conducted with uniform inlet flow after installation of the casing treatment, and no ex-
cessive stresses or flutter limits were encountered.

Rotating stall surveys were conducted at 70 percent, 85 percent, and 100 percent of design
speed. Data from the hot-film probes and selected rotor and stator strain-gages along with a
speed signal and stator exit O.D. static pressure were recorded simultaneously by a multi-
channel tape recorder. The other transient parameters shown in Table V were recorded at
1.5 second intervals as the fan stage was throttled toward stall; approximately 100 scans
were made by the automatic recording system from wide-open throttle to the minimum
flow condition.

Fan overall and blade-clement performance was obtained for 14 data points with uniform
inlet flow at 70 percent, 85 percent, and 100 percent of design speed and for six data points
at 70 percent and 100 percent of design speed with tip-radial distortion. At each speed,
data points were taken between the maximum flow attainable and the low-flow stability
limit. Hub distortion tests were not conducted because rotor tip casing treatment is not
likely to improve performance with a hub distortion. Also, the 2nd-stage rotor strain-gages
had become inoperable, and indications of a resonance (at low stress levels) had been de-
tected with hub distortion during the solid-casing tests. With circumferential inlet distor-
tion, three-data points at 70 percent of design speed and three data-points at design speed
were taken to determine overall performance and velocity distribution data at the fan inlet
and fan exit. Measurements were made at approximately 30-degree increments around the
circumference for three data-points (one at 70 percent speed and two at design speed) and
at approximately 90-degree increments for the remaining three points.

DATA REDUCTION TECHNIQUES

All steady-state performance data were automatically recorded in millivolts on computer
cards and then converted to engineering units, corrected, and used to calculate overall and
blade clement parameters as described in the following sections.

Data Correction and Averaging

The data obtained from impact tube type total pressure probes (fixed radial rakes and trav-
ersing wake rakes) located in supersonic flow were coirected for shock 1oss.
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Wedge probes were used to measure total pressure, air angle, and static pressure. Mach num-
ber was determined from calibrations of measured total and static pressure. The measured
total pressure and flow angie from these probes were corrected using Mach number calibration
curves for individual probes. The resulting calibrated Mach number and corrected total pres-
sure were then used in conjunction with standard air-property tables to calculate static pres-
sure.

Combination probes were used to measure total pressure, air angle, static pressure, and total
temperature. Corrections were based on probe calibrations simitar to those previously de-
scribed for wedge probes but with an additional calibration of total temperature recovery
versus Mach number. :

All thermocouple signals were converted to temperature measurements using wire calibra-
tions for individual sensors. These temperature measurements were converted into total
temperature using calibrations of total-temperature recovery versus Mach number for in-
dividual sensors and the pressure-level correction given in Reference 8.

The total pressure impact tube on the NASA combination probe used to traverse the first-
stage exit failed during testing, indicating a sudden deterioration in first-stage performance.
The probe was recalibrated before being repaired so that the data taken with the damaged
probe could be corrected. Some difficulty was experienced in obtaining a satisfactory
calibration of the damaged probe. This qu