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Abstract

The AGARD Propulsion and Energetics Panel has sponsored an international, inter-facility comparison programme for
turbine engine test facilities over the past nine years. The effort was driven by the critical nature of engine test measurements
and their influence on aircraft performance predictions, as well as the need for a sound understanding of test-related factors
which may influence such measurements. The basic idea was that a nominated engine would be tested in several facilities, both
ground-level and altitude, the results then compared, and explanations sought for any observed differences. This Lecture
S€ries presents the information obtained from this comprehensive program. Emphasis is given to the definition and
* explanation of differences in test facility measurements and to the lessons learned from this unique experiment, #» < . «

This Lecture Series, sponsored by the Propulsion and Energetics Panel of AGARD. has been implemented by the Consultant
and Exchange Programme.

Résumé

Ces neuf dernicres années le Panel AGARD de Propulsion et d’Energétique a cautionné un programme international de
comparaison sur les installations de test des turbomachines. Le projet doit son existence au caractere critique des mesures
effectuées lors des essais en raison de leur incidence sur les prévisions des performances des aéronefs, ainsi quau besoin des
bien comprendre tous les facteurs liés aux essais qui auraient pu influer sur de telles mesures.

La notion de base du programme a été de choisir un moteur pour ensuite le tester dans un certain nombre d'installations, tant au
sol qu'en altitude; de comparer les résultats et de tenter d'expliquer toute différence consiatée d'une installation a I'autre.

Ce cycle de conférences présente les informations issues de ce programme trés complet. Les communications mettent l'accent
sur la définition et I'explication des écarts constatés dans les mesures obtenues des différentes installations de test et sur les
enseignements retirés de cette expérience unique.

Ce cycle de conférences est présenté dans le cadre du Programme des Consultants et des Echanges, sous I'égide du Panel
AGARD de Propulsion et d'Energétique.
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PREFACE
by

Dr J.G.Mitchell
Micro Craft Inc.
Corporate Headquarters
207 Big Springs Avenue
P.O. Box 370
Tullahoma, TN 37388-0370
United States

It has been well known that test techniques, test
facilities and test instrumentation for ground testing of
turbojet engines vary between countries and even within the
same country. The impact of these differences on the
reported measurements and performance has remained
speculation since no controlled test program has evolved to
address the issues. With an increase in the international
development of new turbojet engines and international engine
purchases, the need to define and resolve these testing
inconsistencies has increased.

The Propulsion and Energetics Panel (PEP) of AGARD
recognized this growing problem and sponsored an ambitious
program to resolve it. Working Group 15, entitled the
Uniform Engine Testing Program, was formed over ten years
ago to organize and direct an international turboject engine
testing program and to analyze the test results. Tests were
conducted in five countries (eight test facilities) in both
altitude simulation facilities and ground test beds. A
program which was initially expected to be lengthy by AGARD
working Group standards, grew even longer as the various
test centers were caused to delay testing as a result of
pressing national needs. The tenacity of Working Group 15
members and the continued support of the PEP membership and
AGARD National Delegates permitted the program to reach a
successful conclusion.

It is the purpose of this Lecture Series to present the
results of this lengthy and unprecedented investigation to
the aerospace community. Two documents have been published
by Working Group 15, i.e., AGARD-AR-248 (The Uniform Engine
Test Programme) and AGARDograph 307 (Measurement
Uncertainty). These two documents contain the basic content
of this Lecture Series. However, there were many additional
investigations and much rationale that was not published.
These Lecture Series notes contain selected portions of that
additional information and are intended as a supplement to
the documents already published.

The Lecture Series emphasizes four main tovics:
- Design and Conduct of the Test Program

~ Comparison of Test Results

- Data Uncertainty Analyses

- Lessons Learned from the Program Analysis

The AGARD PEP extends its sincere gratitude to the
dedicated members and consultants of Working Group 15 and to
the participating test centers which supported the test and
analyses with excellent people and which bore the heavy
expenses of the testing program.
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DESIGN OF THE UETP EXPERIMENT

B
Robert E. ySmith, Jr.

Vice President and Chief Scientist
Sverdrup Technology, inc/AEDC Group
Arnold Engineering Development Center

Arnold Air Force Base, TN USA

SUMMARY

An experiment was successfully designed to meet the objectives of the Uniform Engine Test Program
(UETP) as defined by the Propulsion and Energetics Panel (PEP) of AGARD. The experiment was based on the
use of two specially modified J57-PW-19W turbine engines. The experiment was compatible with the capability and
availability of eight different engine test facilities located within five NATO countries. Four of these test tacilities are
ground-leve! engine test facilities, and four are altitude engine test facilities. The experiment as designed was
consistent with test resources available at each test site.

The design of the experiment included the specification of the test article, the matrix of variables, the
experimental measurements, and the formats of the test reports. In addition, the design of the experiment included
the definition of three key methodologies, i.e., test, data processing, and measurement uncertainty, to the minimum
extent necessary to meet the objectives of the UETP, and to maximize the level of contidence in the comparative
engine performance measurements from each facility. This approach was consistent with a basic requirement of
the UETP, which was to utilize locat test facility practices to the maximum extent possible.

The experiment as designed was defined in a General Test Plan which was coordinated with and approved
by all participants in the Uniform Engine Test Program. The General Test Plan was published and made available
to all program participants. A literature search did not identify any existing publications which defined experiments
of the scope required for the UETP,

The successful design of the UETP experiment was a major technical and management accomplishment
and was a key contributor 1o the success of the UETP. The General Test Plan should serve as a baseline for the
design of future experiments having the scope and complexity of the AGARD Uniform Engine Test Program.

LIST OF SYMBOLS
TC Tast Condition
UETP AGARD-PEP Uniform Engine Test Program

1.0 INTRODUCTION

The overall rationale and objectives for the Uniform Engine Test Program (UETP) were given in Lecture 1.
One of the very first requirements of the UETP was the design of an experiment which would fulfill the program
objectives within the constraints that were imposed. The experiment was required to provide information which
could be used to quantify the similarities and ditferences in turbine engine performance measurement capabilities
?f“various jet engine test facilities located within the NATO countries. The primary constraints imposed were as
ollows:

1. Steady-state engine performance only was to be measured.

2. The experiment was to be compatible with the capabilities of both ground-level test facilities and
altitude test facilities which were operational in the NATO countries.

3. The scope and duration of the program were to be the minimum consistent with the test facility
resources and engine operating times available at each of the participating test facilities.

4. Local practices for the design of test equipment, installation of the test article, and operation of the test
facility were to be utilized to the maximum extent possible.

5. The experiment was to be designed to provide the highest levels of confidence in the comparative
results.

The seven major elements or building blocks of the UETP experiment are:

Selection ot Test Articles

Specification of Matrix of Variables

. Identification of Experimental Measurements
. Detfinition of Test Methodology

Specification of Test Data Processing

. Definition of Measurement Uncertainty

. Content of Reports

Each of these elements will be discussed, and the requirements for each will be identified. Some of the design
alternatives that were considered will be presented, and the final design chosen for the UETP will be described.

NOMAWN -
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The details of the UETP experiment were documented in the General Test Plan (GTP) (see Ref. 1). The
contents of the GTP and some of the management and administrative practices followed in the preparation and
maintenance of the GTP will be described.

20 DESIGN OF EXPERIMENT

The seven major elements of the UETP experiment are discussed. Some of the alternatives considered are
presented. The final designs chosen for each element are described.

2.1 Selection of Test Article

This first element relates basically to the selection of an optimum jet engine. The primary considerations in
the selection of the engine relate to the “---ilities”: availability, reliability, and supportability.

The most basic engine requirement was that two engines be available for the duration of the experimental
portion of the program. The primary reason for two engines was to provide redundancy in the event that one
engine should be aged during the course of the test program. A secondary requirement for the second engine
was to provide insight into the variability of facility test data to the extent that both engines survived the total test
program.

The engines also had to be extremely reliable. The test program was expected to require hundreds of hours
of engine operation over a period of several years. To minimize the cost and calendar time required to complete
the program, it was essential that the engines withstand these operating requirements with little or no maintenance
and repair and that only normal servicing be required. It was also a requirement that the engine have little or no
performance change during the hundreds of hours of operation so that engine performance variation would not be
a major factor in the comparison of the facility performance.

It was essential that the engine have a high level of field supportability. These supportability requirements
included spare parts, maintenance and repair tooling and resources, and mature engine documentation. This
required documentation included engine operating instructions and engine service instructions so that the engines
could be eftectively operated hy the normally assigned personnel in each of the facilities without the necessity for
additional specialized training.

Finally, to ensure applicability of the UETP results to current and future programs, it was desired that the
engines contain at least contemporary technology levels in the aerodynamic, thermodynamic, and structural
design. Ultra-modern, state-of-the-art technology was not desired.

To ensure the widest possible participation in the UETP it was required that the engine size (measured
primarily in terms of airflow capacity) be compatible with a farge number of NATO facilities. Further, as a test cost
containment feature, and to simplify the test program, it was required that a non-afterburning engine configuration
be chosen. Finally, to provide maximum confidence in the test results, it was required that the test engines have
only minimum or no variable geometry so that small variations in geometric schedules as a function of operating
timodand set-up and adjustment would have no effect or an absolutely minimum effect on the consistency ot the
test data.

Initially, nine candidate engines were considered ranging in size from the 12.7 kN thrust GE J85 turbojet to
the 97.8 kN thrust GE/SNECMA CFM-56 turbofan. Three candidate engines were identified which met most or all of
these requirements.

CANDIDATES 57-PW-19W J85-GE-17 TF41-A-1
Ratings Thrust, kN 46.7 12.7 64.5
(Sea-Level-
Static
at military Airtlow, 74.8 200 117.9
power) kg/sec

Each of the three candidates was carefully evaluated relative to the requirements listed above. Based on
these evaluations, the J57-PW-19W engine was selected as the engine which best fulfiled the several
requirements of the UETP.

The chairman of AGARD-PEP WG15, Dr. J. G. Mitchell, made a request to the United States Air Force for
the loan of two J57-PW-19W engines to PEP WG15 for an indefinite period of time. The U.S. Air Force Logistics
Command assigned two newly overhauled engines, serial numbers P§07594 and F615037, to the UETP.

2.1.1 Modifications to Production J5? Engine Configuration

Four minor modifications and/or additions were made to the production engine configuration to tailor the
engine to the specific needs of the UETP (Fig. 1).

An inlet extension and bullet nose were added to the production engine configuration as shown
schematically in Fi%em. These additions permitted installation of a standard set of referee instrumentation at the
engine inlet as will be discussed in Section 2.3,

The engine compressor bleed system was modified to improve engine control system repeatability and
expand the engine opefaling range with the bleeds closed. The compressor acceleration bleed system was
modified from a bomber configuration, which utilized two bleed valves, to a fighter configuration, which utilized only
a single bleed valve. In addition, the compressor anti-icing bleed port and the customer service bleed port were
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capped because neither of these services was required for UETP. These compressor bleed modifications are
summarized in Fig. 1a.

A tailpipe and reference exhaust nozzle were added to the engine as shown in Fig. 1b. These additions
served two purposes. First, the addition of the tailpipe provided a simple, convergent exhaust nozzie rather than
the aerodynamically complex plug nozzle configuration used on the production engine. Second, the cylindrical
tailpipe provided a platform for the installation of extensive nozzie inlet referee instrumentation as will be discussed
in tion 2.3.

Finally, an air-0il cooler is normally utilized with this engine in the aircraft installation. For the UETP, an
auxiliary water-oil cooler was added to the lubrication system as noted in Fig. 1b.

To facilitate handling and installation of the test article in each of the test facilities, the engine as modified
along with the referee instrumentation was instalied in a mounting frame as shown in Fig. 2. This test article
package included standard interfaces for all mechanical, electrical, and instrumentation connections. All engine
modifications, the inlet extension, tailpipe, nozzle, and the engine mounting frame were provided by NASA Lewis.
Only one inlet extension, bullet nose, tailpipe, and reference exhaust nozzle was provided for UETP. Therefore, the
same set of hardware was used on both engines.

The referee exhaust nozzle was “trimmed” to provide the rated engine pressure ratio at the military power
lever setting as a part of the first test entry at NASA Lewis. At some of the higher altitude test conditions, military
power for the J57 is limited by the maximum observed turbine discharge temperature rather than this as-trimmed
power lever setting. This maximum temperature limit was derated 10 K (from 893 to 883 K) to reduce the thermal
wear on the engine hot section and, hence, reduce engine performance variation during UETP.

22 Matrix of Variables

Eleven sets of environmental conditions, i.e., inlet pressure, inlet temperature, and exhaust nozzle ambient
pressure, were selected to allow systematic evaluation of the effects ot altitude, Mach number, and Reynolds
number on test facility performance. Test condition 11 was identified for the ground-levet test tacilities, and, of
course, the specific values of inlet pressure, inlet temperature, and ambient pressure depend on the specitic
geographic site and the specific atmospheric conditions existing at the time of test.

Test conditions 1 through 10 were defined for the altitude test facilities as shown in Fig. 3. In the altitude-ram
pressure ratio (Mach No.) plane, (Fig. 3) the altitude ranged from 1,700 m at a ram pressure ratio of 1 (Mach No.
0) up to an altitude of 5,800 m at a ram pressure ratio 1.7 (Mach No. 0.91). At a constant ram pressure ratio of 1.3
(Mach No. 0.63) the altitude was systematically varied from 3,800 m up to a maximum of 13,200 m.

In the inlet pressure-iniet temperature plane (Fig. 3) at a constant inlet pressure of 82.7 kPa , the inlet
temperature was varied from a minimum of 253 K up to a maximum of 308 K. At a constant inlet temperature of
288 K, inlet pressure was systematically varied from a maximum of 82.7 kPa, down to a minimum of 20.7 kPa.

When these environmental conditions are converted to compressor inlet Reynolds No. indices (Fig. 3.), the
Begg conditions ranged from a maximum Reynolds No. index of 0.96, down to a minimum Reynolds No. index of

The other key independent variable is engine power sefting which, for the J57 engine, is best expressed as
the high rotor speed. For the altitude facilities, nine rotor speed settings were identified ranging from just above the
compressor-bleed closing speed to the high rotor speed corresponding to military power setting (see Fig. 3). For
the ground-level tacilities, a total of 18 high rotor speed settings were identified-nine in the range from idle to the
maximum speed at which the compressor bleed valve is open, and nine additional speeds between bleed valve
just closed and military power (see Fig. 3).

23 Experimental Measurements

The design of the experimental measurements portion of the experiment required attention in three specitic
areas. First, measurements were required to determine the overall engine performance as needed to provide
comparative test facility performance and *-4s meet the primary program objective. Second, the experimental
measurements were required to ensure that e test operations were under control and were conducted in a sale,
reliable, and consistent manner. Third, experimental measurements were required for control of the experiment
and to support diagnosis of observed differences between facilities and allow the health of the test article to be
monitored. It was necessary that the five major functions of measurement methodology, that is, sense, calibrate,
acquire, record, and process, be addressed in the test plan on an individual basis for each of these three areas to
derive maximum benefit from the UETP.

The experimentally-measured parameters required and the measurement methodology chosen for each
parameter are shown in Fig. 4. For the overall engine performance determination the entire experimental
measurergem methodology was designed to be based on the local practice at each test agency for each individual
test unit (Fig. 4a).

For the control of test operations, the sensing and calibration of ali measurements within the engine were
provided as part of the test article referee instrumentation(Fig. 4a). The acquire and record functions used local
practice, the data processing methods were defined in the UETP General Test Plan (Ref. 1). The test cell
environment (e.g., cell cooling air temperatures and cell wall temperatures) was measured and controlled in
accordance with local practice.

For the control of the experiment the sense and calibrate functions were a part of the test article referee
instrumentation (Fig. 4b). The acquire and record functions were based on local practice. The decision 10 use local
gmctice for these two functions was a compromise based on cost and schedule containment. Obviously, it would

ave been desirable 10 use a referee set of instrumentation to acquire and record these control parameters. Such
referee instrumentation would have introduced the smallest bias and precision errors into the data, and thus would
have maximized the confidence in the diagnosis of difference between facilities. However, this use of referee
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uipment would have been extremely costly and time consuming compared to the resources available in the
S%TP butﬁets. All of the control of experiment parameters were processed in accord with the UETP General Test
Plan (Fig 4b.)

24 Test Methodology

The two key elements in the design of the test methodology were the test installation and the test operation.
As discussed in Section 2.1, the test article was packaged in a mounting frame which provided for standardized
electrical and mechanical interfaces. Local installation practices at each agency/test unit were utilized up to the test
article interface. Again, this was an essential part of the design of the experiment. Not only were local practices
utilized for the design and implementation of the mechanical, aerodynamic, hydraulic, and electrical intertaces
between the test cell and the test article, but also the set-up and ailignment of the test tacility and the test article
were in accord with local practicr .

A description of the installation at each of the eight test facilities is contained in Ref. 2. However, it is useful
for the purposes of this lecture to examine the essential features of a typical ground-level test facility and a typical
aftitude test facility. The elevation and plan views of the engine installation in test cell No. 5 at the Engine
Laboratory at NRCC are shown in Fig. 5. The essential features are the air inlet system, the engine test room, and
the exhaust gas collection and silencer system. The engine and the engine inlet protective screen (anti-personnel
screen) are shown installed on this engine test bed.

In a similar manner, the installation of the UETP engine in test cell T-2 in the Engine Test Facility at AEDC is
shown in Fig. 6. Again the essential elements are the airflow measurement system, the air supply ducting, the
engine inlet belimouth, the labyrinth seal assembly, the engine support system, and the exhaust diffuser system.

A photograph of the UETP engine installed in test cell PSL-3 at NASA Lewis is shown in Fig. 7.

The second major element of the test methodology is the design of the test operation. This portion of the
experiment was designed to maximize the use of local practice at each test a?ency and at each test unit. Several
specific exceptions were included in the design to improve the contidence level and refiability of the test data. The
six exceptions are as follows:

1. Engine trim rechecks only were authorized at each test unit. No re-trim of the engine control system
was permitted without specific approval of the Chairman of Working Group 15. No engine trim was
authorized during UETP.

2. Two data scans weie required at each engine power setting.

3. Fixed time intervals were estimated for engine thermal stabilization before each data scan. A fixed time
interval of 5 min was specified before the initial data scan. An additional time intervat of 2 min for the
repeat data scan was also specified. The validity of these time intervals was determined experimentally
during the first test entry at NASA Lewis. Rechecks of these time interval requirements were also made
at RAE(P) and NRCC.

4. No testing of the engines was to be conducted at “high” levels of relative humidity at the engine inlet.
However, no specification of "high” was included in the General Test Plan.

5. As was discussed in Section 2.2 a predetermined, inter-mixed ascending and descending set of engine
high rotor speed settings was defined for the program (Ref. 1). The matrix of engine speed settings
was chosen to minimize the effects of control hysteresis, engine thermal ettects, and bleed valve
control variability on the resuits of the test program (Ref. 2.).

6. Engine performance retention/deterioration throughout the total test duration of the UETP was to be
determined from the observed differences between the engine performance during the initial test entry
at NASA Lewis and a second test entry at NASA Lewis at the conclusion of all of the UETP testing. As
will be discussed in later portions of this lecture series this portion of the experimental design was
inadequate to meet the needs of the program. Further schedule confiicts at NASA Lewis and at NAPC
did not allow this portion of the experiment to be conducted as designed. Specifically, the second entry
test at NASA Lewis was accomplished prior to the engine testing at NAPC and was conducted in a test
unit different from that used for the first entry. Therefore, it was not possible to determine the engine
performance variation with the desired measurement uncertainty. This design approach to determine
engine performance variation for the UETP was inadequate. The analysis of engine performance
retention/deterioration will be addressed in Lecture 4.

25 TEST DATA PROCESSING

The test data processing portion of the experiment was designed to utilize local practices at each test
agency as applicable to each test unit to the maximum extent possible. Some of the specific functions of local
data processing which were to be utilized included data editing and data validation with emphasis on the deletion
of outlier data sampies and the "fill-in” of missing data samples. Second, the thermodynamic properties of air and
combustion gases were 10 be based on the properties defined at each test agency.

Three minor exceptions to the use of the local practice were implemented to simplify communication of test
results between the test agencies and to simplify analysis of the resuits by WG15. The specific exceptions were
daefined in the General Test Plan (Ref. 1) and included (1) a uniform nomenclature and units of measurements, (2)
uniform equations for the as-tested and “referred” engine performance parameters, and (3) a uniform format of t
digital magnetic tapes which were used for data communications and data exchange between the several test
agencies and the working group.




26 MEASUREMENT UNCERTAINTY

A uniform method to assess and communicate the uncertainty of all of the experimental measurements was
adopted as a part of the design of the UETP experiment. The Abernethy and Thompson Method was adopted
(Ref. 3). The GTP required each participant to prepare pretest estimates of the measurement uncertainty of the
key parameters of engine air flow, net thrust, and specific fuel consumption at the target speed. These estimates
were 1o be prepared for operation at test condition 3. test condition 9, and test condition 11 (see Fig. 3). The GTP
also required that the elemental source errors be estimated at the conclusion of the testing in each test unit for all
inputs into the four key parameters listed above, in addition to a posttest assessment of the measurement
uncertainty for the four key parameters at the target speeds at the same three test conditions as identified for the
pretest estimates.

This approach for the assessment of measurement uncertainty was inadequate and required substantial
maodification during the analysis phase of the effort (Ref. 4). These modifications will be addressed in Lecture 7.

2.7 REPORTING

The design of the experiment included four specific reports which were to be prepared as a part of the
UETP pro‘?ram. First, each test agency was required to prepare a test plan tailored to each specific test unit that
was scheduled for use. This test plan was to be based on the GTP and was to be prepared before the initiation of
testing at each individual test unit. The format for this facility test plan was specified in the GTP.

Second, each facility was required to submit a final data package to the chairman of WG15 within 60 days
after the completion of testing. This data package was to include digital magnetic data tapes in specified format
and a test summary report containing at least the minimum intormation as specified in the GTP.

The final data packages were interchanged between facilities onlg after each had completed its test program
and had transmitted the final test report to the chairman of Working Group 15. This approach ensured that each
facility was "blind" during the conduct of the testing and had no prior knowledge of the test results from the other
facilities. This “blind” approach was adopted to maximize the confidence in the results of the inter-facility
comparisons.

Third, a facility final test report was required to be submitted to the chairman of the WG within 140 days after
the release of the final data package. The format for this final test report was specified in the GTP. The same
release restrictions that were applicable to the final data package discussed above were also applicable to the final
test report.

Finally, AGARD reports which presented the results of the UETP were to be prepared on an as-required
basis. As is now known, two AGARD reports were prepared for the UETP by WG15. The first of these reports
presents the overall resuits of the test program (Ret. 2). The second report addresses in detail the results of the
measurement uncertainty analysis portion of the program (Ref. 4).

3.0 GENERAL TEST PLAN

The design of the experiment for the UETP was reported in the GTP (Ref. 1). The designers of the format of
the GTP properly anticipated that the test plan needed 1o be a living document. As such the plan would be
responsive in a timely manner to a significant number of revisions identified thrcughout the course of the program.
The format chosen met these requirements in an excellent manner.

The test plan included the management, technical , and logistic guidelines and assnciated controls which
ware necessary for the proper conduct of the UETP. The Table of Contents of the GTP (Ret. 1) is included in
Appendix | to demonstrate the breadth and depth of this pioneering document.

The initial draft of the GTP was prepared by representatives ol AEDC. This draft was reviewed and reworked
by the full membership of PEP Working Group 15 to create the initial version of this general test plan. The initial
test plan and subsequent revisions were coordinated with and approved by alt participants in the UETP.
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« INLET EXTENSION AND BULLETNOSE

M1

q - L
PRODUCTION CONFIGURATION AS MODIFIED FOR UETP

* COMPRESSOR BLEEDS -
- COMPRESSOR ACCELERATION BLEEDS MODIFIED FROM BOMBER CONFIGURATION
(2 VALVES) TO FIGHTER CONFIGURATION {1 VALVE)

- ANTI-ICING BLEED
- CUSTOMER SERVICE BLEED § ENGINE PORTS CAPPED

a. Engine inlet and compressor

* TAILPIPE AND REFERENCE EXHAUST NOZZLE

PRODUCTION CONFIGURATION AS MODIFIED FOR UETP

» ENGINE SERVICE SYSTEMS
AUXILIARY WATER-TO-OIL COOLER ADDED TO LUBRICATION SYSTEM

b. Tailpipe, nozzle, and service systems
Figure 1. Modifications to production J-57 engine.

Figure 2. Test article for Uniform Engine Test Program (UETP).




 ENVIRONMENTAL PARAMETERS
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» ENGINE POWER PARAMETERS

- ALTITUDE FACILITIES - 9 HIGH ROTOR SPEEDS - BLEED “JUST CLOSED" TO MIL
- GROUND LEVEL FACILITIES - 18 HIGH ROTOR SPEEDS - IDLE TO MIL

()  TEST CONDITION

Figure 3. Matrix of UETP test variables.

+ OVERALL ENGINE PERFORMANCE (PRIMARY PROGRAM OBJECTIVE)

PARAMETER MEASUREMENT _METHODOLOGY

SENSE, CALIBRATE AGQUIRE, RECORD, PROCESS
AIRFLOW
FUEL FLOW LOCAL PRACTICE AT EACH LOCAL PRAGTICE AT EACH
NET THRUST TEST AGENCY/TEST UNIT TEST AGENCY/TEST UNIT
SPECIFIC FUEL CONSUMPTION

* CONTROL OF TEST OPERATIONS (SAFE, RELIABLE, CONSISTENT OPERATIONS)
PARAMETER MEASUREMENT METHODOLOGY

SENSE, CALIBRATE ACQUIRE, RECORD PROCESS

ENGINE INLET PRESS. & TEMP.
ENGINE EXHAUST AMBIENT PRESS.
ROTOR SPEEDS

POWER LEVEL ANGLE

ENGINE VIBRATION TEST ARTICLE LOCAL PRACTICE UETP
ENGINE FUEL PRESS & TEMP REFEREE GENERAL
ENGINE QIL PRESS. & INSTRUMENTATION TEST
ENGINE BLEED VALVE POSITION PLAN
TFST CELL ENVIRONMENT LOCAL PRACTICE * '

a. Engine performance and control of test

* CONTROL OF EXPERIMENT (DIAGNOSIS OF OBSERVED DIFFERENCES, ENGINE HEALTH MONITORING)

PARAMETER —_MEASUREMENT METHODOLOGY
SENSE, CALIBRATE |  ACQUIRE,RECORD | PROCESS
COMPRESSOR AIRFLOW
RESSOR INLET DYNAMIC PRESS.

COMP SSOR BLEED PRESS. & TEMP.
COMPRESSOR DISCH. PRESS. & TEMP.
TURBINE DISCHARGE PRESS. & TEMP.

TEST ARTICLE LOCAL PRACTICE UETP

EXH. NOZZLE INLET PRESS. & TEMP. REFEREE COST AND SCHEDULE GENERAL
INSTRUMENTATION ONTAI TEST
COMPROMISE) PLAN

EXH. NOZZLE GAS FLOW
ENGINE FUEL FLOW

b. Control of experiment
Figure 4. Experimental Measurements for UETP.
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INLET SILENCING SILENCER
SPLITTERS
SAND FILED
ENGINE ACOUSTIC WALL
ANTI-PERSONNEL SCREEN \ CONTROL ROOM
[ )as) A0)0 000 T T [ e, e[ [ o, [ e [ | ] i | ] [
Al INLET
FLOW PLENUM 46m = -{zm-- -
hl
ELEVATION VIEW
aw"\]l‘.a:: ’
17 te— ENGINE TEST BED 4/
L-—';lr:—‘m“[_r ‘
T
0.63m
PLAN VIEW
NO.5 TEST CELL - ENGINE LABORATORY - NRCC
Figure 5. Typical UETP installation, ground-ievel test facility.
ENGINE INLET BELLMOUTH
ENGINE INLET PLENUM \ ENGINE X {7 TEST ARTICLE SUPPORT STAND
FLOW STRAIGHTENING GRID S NV
A \ e N,
S F ) » l
T [ N - - -
( 7
NBROW / TEST CELL THRUST STAND /
VENTURI L 50 x 0.0075 MESH SAFETY SCREEN 3 MODEL SUPPORT CART EXHAUST DIFFUSER
AIRFLOW| INTH
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T

ELEVATION VIEW

TEST CELL T-2 - ENGINE TEST FACILITY - AEDC
Figure 6. Typical UETP installation, altitude test facility.

TEST CELL PSL-3 - NASA LEWIS
Figure 7. Typical UETP test ingtalation.




THE BASIS FOR FACILITY CONPARISOM

A. R, Osborn
Propulsion Department
Royal Aerospace Establ{shment
Pyestock, Farnborough, Hants GUY4 OLS, England
Copyright (C) Controller HMSO London 1990

SUMMARY

One of the main objectives of the UETP was an engine facility comparison to identify the biss messurement
performance differences between test sites. This Paper identifies the methods used to present these comperisons
in the final report and the alternative presentations considered fn the Working Group 15 discussions, but not
published elsewhere. In addition, many other factors affecting engine performence determinetion are discussed
and the planned methodology adopted by the UETP to determine these elemental differences. Finally, some
examples of UETP engine performance measurement anomalies are highlighted and an attempt mede to identify the
reason for them with a recommendation on how they should be treated.

1 INTRODUCTIOM

During the meetings and discussions of Working Group 15 to analyse and report‘ the UETP, the basis for facility
comparisons was covered by meny techniques, some based on facility measurements, others by engine internal
performance measurements and finally some based on a combination of plant and engine measurements. To
illustrate the specific methodologies empioyed and those agencies, or in some cases individuals, who performed
the major part of these investigations, the following list fdentifies each in turn:-

(a) Overall engine performance : P.F. Ashwood (UK), AEDC
<b) Measurement uncertainty T WG15 Sub group
(c) Performance retention :  AEDC
(d) Inlet totsl pressure
calculation methods t NRCC
(e) Inlet total pressure distortion T NASA
f) Engine settling time : NASA, RAE, NRCC
(9) Secondary sirflow in
ground-ievel facilities ¢ NRCC
(h) Nozzle thrust and sirflow
functions :  RAE
(§}) Engine internal air flow using
flow functions : Professor Jacques (Belgium)
(k) Fuel flow analysis T NRCC
) Temperature lapse rate ¢ AEDC, RAE
(m) Nozzle area change T NASA

Although certain organisations are ident{fied for each task in the list, there was considerable debate within
Working Group 15 itself snd other personnel and agencies not Listed often contributed to the work.
Nevertheless, those Listed provided the main effort for each item and should take the appropriate credit.

This lecture will nov examine more closely some of the items in the sbove list, but will exclude others. Those
considered will only be reported on from the pofnt of view of method and procedure rather than a detailed
analysis of the results. The major items excluded sre the measurement uncertainty, the nozzle coefficients,
flow coefficients and fuel - flow snalyses, sll of which nill be covered by my colleagues in other sections of the
lecture series.

2 DATA ANALYSIS PROCEDURE
2.1 h hofice of 8 r formanc

The measured engine test data gathered at each test site were converted into turbine engine performance
perameters, utilizing a set of standard equations specified in the Gensrgl Teat Plan which was drawn up prior to
the first engine test (Ref 2). HNowever, test plant dats were snalysed by each test facility using the locsl
equations they normally spplied in an engine test. After the data for each test fecility were declared
satisfactory by that test site, a copy was provided to each participant, both in tabuler form and on magnetic
tape, in a format specified in the General Test Plan. An example of the tabular form is shown in Fig 1. The
test results were released only to those facilities that had completed their testing snd to nominated mewbers of
the Working Group, Facilities testing later in the programme therefore hed to wait for data from previous tests
until after completing their own tests and declaring their oyn results satis{actory. It was impractical to
publish the complete set of test results in the final report becsuse of the enormous quantity involved and
therefore s condensed format was sought to display inter-fecility differences.

A set of six parsmeter pairs were chosen for the main inter-facility performance comparison. These six
persmeter pairs were:

(8) NLONH vs NWRD shaft speed retio versus WP rotor
(b) T7M2 vs PTQ2 nozzie inlet temperature versus nozzle inlet
pressure
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{(c) WAMRD vs NLRO airflow versus LP rotor speed
td) NFRO  vs NWRD fusl flow versus WP rotor speed
(e) FNRD vs PTQ2 net thrust versus nozzle inlet pressure
(f) SFCRD vs FNRD fuel consumption versus net thrust

The Letters RO in these nomenclature indicate the perameter has been normsiised to the desired conditions using
non-dimensionsl pressure and tempersture relationships. For the altitude test conditions sll parsmeters heve
been corrected to the nomineted flight conditions, elimineting small differences between the es-tested velues
and the nominal velues. The ground-level test conditions have been corrected to standard ses-level conditions
of 101.3 kPa pressure, 288 K temperature ond a rem ratio of 1.0, eliminating differences due to varying smbient
conditions between test sites and dey-to-day fluctustions. The six parsmeter peirs {isted sbove enable inter-
facility comparisons to be made for the foltowing primery checks.

PLOT (a) : speed matching check

PLOT (b) : nozzie conditions and hence secondery thrust snd sirflow
check

PLOT (¢) : primery airflow check

PLOT (d) : primery fuel flow check

PLOT (@) : thrust derivation check

PLOT (f) : oversl! performence check

Since the altitude testing was configured so thest performance curves were carried out st four seperate inlet
temperatures, four separste inlet pressures and four different ram ratios, whilst keeping the remeining two
perameters constant, the main results have been presented in these three groupings so that trends could be
establ ished. The reason for the testing to be configured this wey is beceuse altitude test facilities genersliy
control test conditions by adjusting these primary varfsbles to schieve true flight conditions. 7o fllustrate
the difference in these chosen test verisbles and » typicel engine flight envelope they can be seen plotted in
Fig 2. The change in T, is at constant Mach mumber snd altitude. The change in P, gives a comstant Mach
mmber and changing nltikude and the change in rem ratio (emis to both change in Mech number and altitude.
Using this format it was possible to detect if any one test site had measurement problems uith sny one primery
varisble.

Since only one of the pair of engines was tested at all four sltitude test sites, results for this engine,
serial number 607594, were presented in the final report. In eddition, the other engine, serial number 615037,
was tested at all four ses-level test sites and 30 these were presented separately for the ground-level
comparisons, for the altitude-to-ground level comparisons, the date from engine 607594 was used where four
altitude and two ground-level facilities provided deta. Fig 3 summarises the order of testing of the two
engines at the various test facilities that participated in the plan.

The condensed set of performance dats were published such that four graphs were displayed on each pege and the
total number of pages totalled 18. Fig 4 shows a typical display of dets on one psge and in fact shous the sfc
curves for the four altitude test facilities at varying inlet pressures with inlet tempersture constent at 283 K
ond rem retio held at 1.30.

2.2 Sensitivity indicators

To quantify the inter-facility difterences for the purpose of comparison, the maximum spresd of each persmeter
(expressed ss a percentage of the medisn value) was calcuiated at spproximately the mid-thrust point. These
spreads hsve been indicated on the performence curves and were derived from the equations fitted to the data
points calculated for each facilities results. In addition, each graph has 1 percent bandwidths added for both
the x sand y varisbles to assist in assessing the effects of real veariations or errors fn these parsmeters
relative to the scales chosen for the presentation, see Figure 4.

2.3 Ihe sethod of sccounting deterioration

The test procedure included precautions to identify performence degradation, firstly, by esch test site testing
at a set condition at the beginning of their tests and at the seme condition st the end of their tests.
Secondly, the engines were tested on two occasions at NASA, being the first test site and the last test site in
the sequence, (excepting NAPC, Trenton, who did not test the engine until efter the mein snalysis hed been
completed beceuse of higher priorfty work). None of the results presented in the facility comperisons hsve been
corrected for deterforation which were detected as being very small, and within uncertainty limits. This topic
nevertheless attracted a great desl of discussion in the WG meetings and justifies more deailed trestment in o
compenion lecture.

2.4 Ihe choice of curve-fit

Engine performence curves sre generally presented ss » correlation of one psrameter against snother for exewple
y = sfc correlated agafnst x = FN . The graphs for eny one test site will always show a certain smount of
scatter about some central curve, see Fig 5, and there will be some doubt as to the correct position of the
curve if drewn by hend. Fitting a polynomial equetion eliminates that uncertainty; the form it can teke being:-

either o straight Line y = bo * b|x

or a quedratic v-boownbzuz

or o cublc y-bnob'xobz.zohsxs
or perhaps even some higher degree.

The mmerical value of the coefficients bﬂ.,&.h . b‘ B sre calculated from the deta by the method of ‘leest
'.' Thet is, the values are found lhnt he of the squares of all the devistions from the curve
are minimised.
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A typical deviation is, e, = (y; - )

where ¢ (s the value of y on the curve

30 that Eoiz is & minimm for colculated values of by, by , by , by, etc.

The detailed procedure for doing these calculations can be found in all stenderd statisticsl text books.

The UETP test plan specified that all curve fitting would teke the form of o quedratic so that esch test site
would carry out a uniform process. Although in general this policy was justifiable, since the main ares of
interest for comperisons wes at & mid-thrust point, it does have some wesknesses. GQuadratics are {nherently
symmetrical curves and ft can be demonstrated that in the case of some varisbles this order of polynomisl fit {s
not necessarily the best when judged on statistical significence tests. The complex nature of a pas turbine
does not alweys lead to parsmeters correlating in convenient symmetrical relationships, particulerly st points
at either end of the range of messurement, This can be demonstrated by exsmining an SFCRD versus FNRD curve
obtained with data measured at RAE(P) at test condition 9, Fig 6. A measure of the significence of the curve
fit can be obtained by the velue of the Relative Error Limit of Curve Fit (RELCF) for esch polynomial, the 0.18
for the cubic being superior to the 0.27 for the quadrstic. Table 1 summarises the differences in SFCRD for
three power lever levels at all the 10 test conditions for the RAE(P) dats. It indicates that in sbout half the
ceses a slightly better result would have been obtained for low and high engine power comperisons if cubics had
been adopted. MHowever, as stated earlier, since mid-thrust levels were the target levels for performance
comparisons the quadratics specified were more than sstisfactory,

2.5 Alternative presentations

Other forms of presentation of overall performance were considered by the Working Group and s bargraph
presentation was seriously put forwsrd as the prime method in the early stages of discussion. However, eas
testing proceeded and more participants joined the discussion team, it became apparent that a beargraph
presentation was not favoured by the majority of perticipants, who argued it would only show differences at o
single or limited number of power settings. In addition, there was some uncertainty as to how to choose the
datum for such a presentation. Some participants thought it should be based on an average value of all
focilities, others considered the datum should be the results of the first test facility. An exemple of a
proposed format is shown in Fig 7. It was finally agreed thet the main overall results should take the
graphical form, outlined earlier, so that differences would be displayed over the complete messurement range.
However, & Limited form of bargraph presentation wes included in the finel report, but only showed the overall
spread of results from the sltitude facilities for the primary paremeters of FNRD versus P702, WAIRD versus NLRD
and SFCRD versus FNRD, see Fig 8. These results were included at all test conditions snd the detum wes tsken as
the facility with the lowest value, not always the same facility in all cases, ie the bar showed the percentage
spread in the parameter for all test facilities at a mid-thrust point. Two sets of bars were included, one for
otl four attitude facilities and s second set excluding the CEPr result because some of their results exhibited
large scatter. This was considered to adversely influence the presentation, particularly the thrust versus
nozzie inlet pressure bargraph. This exclusion of the CEPr results in some presentations will be explained in
other lectures in this series.

One further method of presentstion was used which took the form of a tebuletion of differences. Table 2 shows
the format used for the sltitude test site comparison snd consists of a List of the selected persmeters together
with the independent varisbles, basically the same six peremeter pairs selected for the graphical presentation.
The overall percentage spresd at a mid-thrust point was chosen together with the percentage of data points which
fell within » fixed 2 percent bandwidth. Additionelly, the estimated uncerteinty bandwidth spread wes edded to
the table for each parsmeter to help meke a judgement on the quality of the messured dats. The table of
differences again include velues with and without CEPr results {ncluded because of the reasons given eerlier.

This form of presentation was also adopted for the ses-level test bed comparison and the altitude/sea-level test
bed comparison, tsbies 3 end 4. In the case of the sea-level bed comparison, the percentsge spread values in
the table for the four test sites have been quoted with and without the Turkish test site results. Agein the
reason for this policy was based on the fact that the Turkish test site results displayed a targe scatter in the
measurements compared with the remaining three facilities. For the altitude to sea-level comparison, five test
facility results were used, NASA, AEDC, RAE(P), CEPr ond NRCC and these were based on data obtained using engine
607594. The results obtained in the altitude facitities were measured st an inlet pressure of 82.7 kPa end then
referred to standard pressure of 101.3 kPs using the specified squations in the General Test Plan. These
adjustments did not introduce discrepancies, since it was judged that these would be negligible at the high
pressure conditfon where Reynolds rumber remains high enough to prevent changes in flow conditions affecting
turbomechinery characteristics.

2.6 Other factors considered in the performence anelysis

2.6.1 Humidity
ALL t5a altitude test fecilities had plant which wes capeble of supplying dry air to the engine end therefore
humidity effects on engine performance were negligibie (humidity, never dad 0.1 percent water by weight).

In the case of the sea-level beds, the humidity on the actual test dates at all those facilities teking part
remained sufficiently low to ensure the effects were negligibie or very smell.

2.6.2 [nlet total pressure

The effect of inlet total pressure on engine performence wes approsched from two fronts. Firstly, the effect of
changing the method of celculation of inlet pressure given s certain engine face pressure distribution end
secondly, the effect of changes in inlet pressure profile, ie inlet pressure distortion.

The effect of the wey inlet pressure was celculated wes investigated by m:c’ by spplying five different methods
of celculation to & perticuler inlet distribution obteined st NRCC in their tests. Fig 9 shows the
circumforential location of sll the probes used in the snelysis,
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Method 1 used the simple arithmetic aversge of the 20 meinstream pressure resdings assuming the probes were
located at the centroids of five equal ereas and wes the methou recommended in the Gereral Test Plen,

Sud

T

P‘, aversge = .
N

Nethod 2 wes similer to Method 1, but used weighting fectors determine from the sctusl messured probe locstions

11
P, average = - XP_dA_ .
T ‘nlnn

Method 3 was similar to Method 2, but only used those probes in the inviscid flow regime. This was determined
by compering the totsl pressure at each probe with the value for the centre line probe. 1f the difference was
greater then the pressure measurement uncertainty for the fecility, then the value for that probe wes discarded,
the probe being assumed to be in viscid flow.

Method & celculated the average pressure by considering the measurements from two rakes in an inner and outer
boundary leyer ring sector, combined with four mein ring sectors. Appropriate weighting factors were determined
for esch enrular sector.

Finally, Method S further incressed the weighting afforded the boundary leyer probes.

Table 5 summarises the results of all five methods using NASA date, which geave the most pronounced fnlet
pressure profile and would therefore demonstrate the differences in calculation techniques.

The conclusion drawn in the UETP tests was that the GTP method, Method 1, produced a value of P. within
0.07 percent of that obtained if all the probes, including those in the bourdary layer, were ufed"E5*86tain sn
integrated meen inlet total pressure, However, it must be noted that this solution wiltl not necessarily suft
all engine inlet rake geometries and pressure profiles. \here boundery leyers are thin, but significant, and
the main pressure rake does not capture the pressure decay st the duct wall, then simple averaging mey produce a
significant error. This will then carry forwerd sn error bias in those important psrameters that depend on an
accurate inlet pressure measurement, in particular thrust determination.

2.6.3 Jolet totel pressure distortion

The effect of inlet pressure distortion on performsnce measurements was examined by compering the results from
the two NASA tests, the first and second entry tests. BSetween these tests the inlet ducting at NASA was changed
from a duct with 0.687m dismeter throat to a geometry with a significantly larger throat, 0.833m diameter, see
diagrem below.

NASA UETP standard infel duct; design M1, 0.6

Engine intet Aange 4
[}
t

Station 2 —~ _ h
Station | =~ ~ \l

-

T
0. 687 m diam

0.333 m diam .
1 ]

—_—h e -

Lorger intel duct; design M1, Q. 3%
Schematics of infet Gucting utes for intet 100A-pressUre protite investigation,

Using dets selected from test conditions 6, see Fig 10, it is obvious that the duct with the small throst
venturi gives » poor inlet pressure profile. The larger throated duct gave s drametic fmprovement in inlet
pressure profile. Despite the marked change in P‘ profile the effect on most psrformence psrameters of the
ngine to changes in inlet duct geometry wes found to be generally smell. The chenge in shaft speed ratio,
NLONN, wes negligible, 0.02 percent, but the chenge in airflow versus LP compressor pressure retio wes more
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significant, 0.6 percent. However, the engine did not contain e greet desl of disgnostic fnetrumentation and
therefore it is impossible to detect precisely what happened internslly withfn the compressor components. It is
postulated that this engine was insensitive to the maldistribution in pressure in the first few steges of the
Low pressure compressor ond therefore the effect on overall engine performence wes negligible. The esrly desipn
of this engine with relstively low losding of components meens that it is very tolerant to distorted inlet flow.
More modern engine designs might be more sensitive to inlet pressure distortion and might show differences in
averall engine performence.

2.6.4 foattall force

During the analysis of the UET? thrust deta it became spperent that the method of accounting the boettail force
differed between test sites. Some sites ignored this force assuming from pest experience thst it was relatively
small, whilst others accounted for it as part of their normsl procedure. The engine was fitted with surface
pressure tappings at the rear of the nozzle end the boatteil force wes estimated using these measurements, see
diagram below. Figure 11 shows the results for conditions 6 and 9 for the sititude facilities and a value for
each sea-level test site. 1t can be seen that generally the force is insignificant when compared uith the level
of net thrust, never exceeding 0.07 percent in the case of the altitude facilities justifying the decision of
those sites which did not account for {t.

Pos
o T Pes
, L
. ] Ds
A, _As
_—

FBT = ( Poq." pOS)( A-,"' Ae)/z

2.6.5 Change in exhaust nozzle ares

There was some concern that the exhaust nozzle might be dameged, dented or ovalised chenging the effective ares,
AB, during the course of the UETP. This was not borne out by exit area messurements made at each test site
during the course of tests. The average area messured at some of the test sites from a serfes of messurements

< , 18 shown below.

— . AB Diff from average
: sq.m per cent
NASA 0.2376 0.04
AEDC 0.2378 0.13
NRCC 0.2372 -0,13
RAE(P) 0.2376 -0.04
Average 0.2375 P

It can be seen that the area remained constant for sll prsctical purposes snd the correlations of shaft speeds
also confirmed that effective nozzle ares remaired corstant at all test sives.

2.6.6 Morzle Inlet, Statjon 7, reke elignment

During the first NASA test it became spparent that the Statfon 7 total pressure rakes did not sdequetely messure
a true mesn pressure. The pressure profile st Station 7 wes strongly influenced by the large upstream turbine
exit struts end the sttendsnt swirl in the flow. In sn effort to understand the nozzie entry total pressure
profile, the teilpipe, end hence rake, wes rotated st increments of 10 degrees over an arc p20 degrees efther
side of the detum UETP position. Meesurements of prassure were teken st test conditions 6 end 9. Figure 12
shows & plot of the average total pressure derived from the reke, » static pressure and turbine exft total
pressure for the 5 anguler positions at test condition 6 at & high rotor speed of 8900 rpm. Wherees the static
pressure snd turbine exft pressure remein fairly constant, the derived totsl pressure from the rake varies over
» bendwidth of 2.5 percent st this flight condition. The corresponding effect on calculated nozzle coefficients
at test condition 6, thrust CG8 and flow CD8, cen be seen in Fig 13. The difference in thrust coefficlent is of
the order of 4 parcent for a rotetion of 20 degrees in efther direction from the datum position. For the flow
coefficient there are not only chenges in level, but the shepes of the curves sre also eltered. Although st
high engine power the coefficient is compersble for all three angulsr positions, at iower engine powers the

! cosfficionts are 1.5 to 2.5 percent lowsr for the extreme ongles of H20 deyrees. Some of the differences in
observed nozzte coeffictents can be accounted for by smell changes in other messured parameters, for exasple,

i sirflow, fuel flow, thrust end smbient pressure. In summary therefore, and tsking into sccount the other
messured differences in influentisl perameters, 8 3.5 percent decresse in P7 gave o 1.9 incresse In (D8 and o
4.3 percent incresse in CG8 resulting from & 10 degree rotetion of the taflpipe.

Lt
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This investigation on nozzie instrumentetion serves to indicate that:-

(8) It is difficult to provide an array of pressure instrumentation that will give a true integrated
aversge total pressure in the jet pipe.
(b) 1f total pressure instrumen_stion is provided, then it must remain consistent throughout ell

development and flight testing if coefficients are to be used to derive thrust and airflow from facilfity
measyrements.

(e) Static pressure measurements in the jet pipe are less sensitive to local flow disturbances and are a
far more rugged meesurement. Therefore, provided care is taken in the geometry and merwfacture of the tapping s
relisble total pressure cen be derived and used to calculate nozzle coefficients.

2.6.7 Epgine settling time

The UETP General Test Plan specified an engine thermodynemic settling time of 5 minutes before the desta capture
scen sequence was Initiated. A repeat scen was to be initiated a further two minutes later. The recommendation
for the settling time was reached after exploratory tests at NASA showed stable operation would be reached
within the five minutes.

Further investigations both at RAE, en altitude test facility, and NRCC, a ground-level test facility, confirmed
that five minutes settling time was sufficient to ensble the engine to »each stable thermodynamic conditions
prior to s data scen being inttisted.

in any test of 8 new type of engine in a test facility, s period should be set aside to investigate
thermodynamic settling time in the test programme st the earliest opportunity so that when steady-state
performance measurements are being collected sufficient time can be left to enable thermodynamic stabilization
to have taken place,

2.7 A method of r iff

It has been shown earlier that the standard performance graphs for the inter-facility comparisons make it
difticult for the reader to distinguish the results for each individual test site. This was because the 'y*
scale had to cover such a large range to encompass the range of measurements that individusl differences were
not large enough for the eye to see. The presentation could be improved by enlarging the 'y' scale such that
differences are megnified.

2.7.1 Enlerging the 'y*' scele

Fig 14 shows a typical selected UETP graphicel presentation of FNRD versus P702 at an inlet pressure of
51.7 kPa, an inlet temperature of 288 K and & ram ratio of 1:30. It {s difficult to detect the differences in
performance of some test sites in this presentation. Only in the cese of CEPr, where the difference is
5 percent, is it spperent. The technique of enlarging the 'y' scale consists of constructing a datum line so
that it Lies o Little below all the actual results. In this case the detum line has been chosen to be:-

y = 12,804x - 11.850 .

The difference of every measured point from the datum line, AFNRD, is calculated snd these values re-plotted,
see Fig 15. 1t is now possible to see all the detailed festures which were not apparent in Fig 14.

Separate polynomisl curves can now be fitted to the data from each fscility. In the case of CEPr, a curve of
degree 3 wes selected, by statistical significance tests, as the best fit. For the other facilities, curves of
degree 2 were found to be appropriste.

The range of AFNRD between facilities is now shown to be 5.1 percent of FNRD or 0.70 kN. This is slightly
different from the 5.4 percent originally quoted in the UETP report, probably due to alternative curve fitting
(ie the cubic chosen here for the CEPr result).

Values of rendom error (imit of curve fit (RELCF) have also been calculated for esch curve fit and give an
indication of the scatter of the results sbout the curve that hes been fitted. More will be said ebout RELCF in
the lecture on statistical techniques. The scatter of points sbout the fitted curves gives a guide to the
precision errors for each test facility, typically very smatl. The differences between the fitted curves give
on indicetion of the bias errors between test sites which are much larger than the precision errors.

In conclusfon, where comparisons sre to be mede between test results which are expected to give differences

which are only & smell percentage of the overall range of measurement, then it is recommended that not only

should the full graphical presentation be shown, but also the eniarged 'y! scale method should be sdopted. By

m‘;::: both displays, the shapes of the overall curves can be interrogated and the differences accurately
t .

2.8 Examples of obeerved sncmelies
2.8.1 The messurement of PT and 17 at CEPr

A detailed exemination of the mein altitude results reveals the observed enomaly that the CEPr duta for FNRD
versus P702 at all test conditions gave higher curves when compared with the other three facilities, AEDC, NASA
and RAEC(P). The differences between the CEPr data and the date obteined at the other facilities is quite
marked, for exswple see Fig 16. MHowever, the plots of 1702 versus P702 do not show the same large differences
between CEPr and other facility deta.
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In section 2.6.6 ft was shown that the P7 static pressure measurement wes a rugged measurement and insensitive
to chenges in nozzle hardware geometry, rotation, etc. Using this measurement, & total pressure can be
calculated assuming a jet pipe srea and a value for gemma, the ratio of specific heats. This process wes
spplied to all the sititude facility data for PS7 to caleulate » PTCALC at all ten test conditions. A
difference snalysis was then carried out using the principles outlined in section 2,7. Plots were produced of
P7 measured versus PTCALC for the data from all four facilities and a straight line fitted to this data.
Percentage difference graphs were then plotted for the difference of each point from the straight {ine plotted
ageinst the P7CALC value. This enslysis enlarged the 'y’ scale and highlighted the difference in measurements
between each facility for P7. An example of these plots can be seen in Fig 17, where the data for each facility
are plotted with & different sywmbol and Fig 17A is for Test Condition 4 and Fig 178 is for Test Condition 9.

In this analysis the P7 measured values for CEPr were consistently below those for the other test sites. At all
ten test conditions P7 differences between RAE(P) and AEDC were never greater then sproximetely 0.5 percent. In
six out of ten conditions NASA P7 also agreed well with RAE(P) and AEDC never being more thsn 1 percent
different. At Test Condition 3, no NASA data were availsble, leaving three Test Conditions, 5, 6 and 10 where
targe differences occurred, grester than 3 percent. However, NASA identified these test conditions as those
where tailpipe rotation was present and P7 measured has alresdy been shown to be affected by this change in
geometry (see section 2.6.8). Therefare, the large observed differences in P7 at these three test conditions
are not unexpected. The large differences in P7 between the CEPr data snd other test facilities must therefore
be due to either a mis-aligned tailpipe assembly or some other bias in the pressure measurements collected from
the reke assembly. It is therefore recommended that the results of FNRD versus P702 for CEPr be discounted from
the focility comperison.

If the T702 versus P702 results are now examined it will be found that similer differences are found in the CEPr
date when compared with the other fscilities. HWowever, the differences in thess plots are not always consistent
with those of the FNRD versus P702 figures. Flow distortions due to wakes from turbine struts are not so
dominsnt fn creating total temperature distortion and therafore this result {s probably not unususl.
Nevertheless, since CEPr P7 data has already been shown to be unsatisfactory it must therefore be rec

that the T702 plots against P702 should also be disregarded.

2.8.2 The Turkey see-level test bed results

The ground-level test facility comparisons showed the Turkey sea-level test bed (TUAF) results, slthough having
spproximetely the same curve slope as the other three test facilities, departed rather more from the mean than
expected, for example see Fig 18. The most probable reason for this departure s due to s lack of empirical
corrections for this type of engine in the TUAF facility. The TUAF test stand was designed for pre and post
engine overhaul testing of those engines in the Turkish Airforce fnventory. The J57-19 engine is not one of
these engines end therefore cell correction factors are not available. In addition, menual recording of data st
this facility increased both the messurement bias and precision uncertainties. The TUAF published results for
the UETP are therefore considered unrepresentative for their particular test stand. In view of this the, TUAF
data have not been included when calculating the percentage spreads between facilities.

2.8.3 Yhe NASA results for the ground-level/altitude fecility
comper ison

In the altitude/ground-level test site comparisons, with the exception of NASA, all the sltitude facility data
related to an inlet temperature of 288 K. Becouse Test Condition 3 for engine 607594 was omitted by NASA due to
a restricted test window, Test Condition 4 (T1 = 308 K) was substituted instead. The uncertain magnitude of the
effect of inlet temperature chenge on the Levels of performsnce parameters in the comparison meant that slthough
the NASA curves are shown on the figures, their data have been excluded from the calculstion of spreads at the
mid-thrust point.

3 CONCLUDING REMARKS

This Paper has provided an insight into the various methods considered for the process of test facility
corparisons during the UETP. It must be emphasised that this Peper must be considered in conjunction with the
moin UETP report, AGARD AR 248 in which a comprehensive picture of all aspects is provided. The Lecture Series
will now continue with detailed considerations of the resuits obtained from the testing and the statistical
techniques applied to the results. It should be noted that this unique exercise provided the first opportunity
for all the test sites to determine the actual biss in their measurements. The importence of this event is
that it enabled the estimates of bias, which could previously only be based on subjective judgements, to be
compared wuith reality. In fact, ss a later lecture will show, the agreement was good which gives confidence in
the use of these subjective methods for different engines or when major changes to facilities are mede.
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TABLE 1
UETP - Percent A SFCRD between cubic and quadratic
curve fitting for RAE(P) data

UETP Pover Level

Test

Cond. Low Medium High

A SFCRD % A SFCRD % A SFCRD %,

1 -0.05 0 +0.05
2 +0.05 0 -0.05
3 +0.05 0 0

4 +0.05 0 -0.05
5 +0.11 +0.08 -0.15
6 +0.16 +0.07 -0.21
7 +0.16 0 -0.17
-] +0.10 +0.13 -0.13
9 +0.26 +0.09 -0.27

10 +0.19 -0.05 «0.23

A sFCrD - Quadratic - Cubic 9, Percent
Quadratic




Table 2

Altitude facility comparison (altitude conditions) (NASA®, ASDC, CEPr, RAE(P))

39

Overall
Engine percentage Data within Percentage
Parameter spread at two per cent spread of
(Independent mid thrust band estimated
Variable) (Without CEPr) | (percent) uncertainty Comments
NLQNH 0.4t00.8 9 0.04t01.4 1 Smallest variation of any data set.
(NHRD) (0.04t00.6) )
2 Cyclere-match with time
accounts for 0.3 per cent variation.
T7Q2 0.6t02.0 98 0.6t01.2 1 Severaltemperature and pressure
(P7Q2) (0.3t01.3) sensors replaced.
2 Possible vaniation of flow pattern
in tailpipe.
3 Cycle re-match with time
accounts forup to 0.3 percent
variation.
WAIRD 1.3tw3.6 88 0.8105.2 Sonic venturi appears to offer
(NLRD) (1.3t102.9) measurement accuracy benefits.
WFRD 3.8t05.5. 63t 0.8t03.4 Volumetric positive displacement
(NHRD) (1.0t03.0) meter appears to offer measurement
accuracy benefits.
FNRD 3.4t05.4 691 0.8t06.4 1 Some variation due to thermal
(P7Q2) (0.3t03.3) non-cquilibrium effects.
2 P7measurement effects.
SFCRD 09t02.4 89 1.2t07.0
(FNRD) (0.9102.4)

*No NASA data for Test Condition 3.

+CEPr results consistenty displaced from other three facilities. If deleted, figures become 85 (WFRD) and 92 (FNRD).
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Table 3

Ground-level bed comparison {SLS conditions) (NRCC, CEPr, TUAF, AEDC")

Overall
Enginc pereentage Percentage
paramcter spread at spread of
(Independent mid-thrust cstimated
Variablc) (with TUAF) uncertainty Comments
NLOQNH 0.5 0.2t01.6 Spread similar to that in aftitude facilitics.
(NHR) (1.5)
T702 11 0.9t0 1.8 Spread affected by failurc of T7
(P7Q2) (2.5) thermocouples at NRCC.
WAIR 1.9 0.6101.5 NRCC airflow low by 1-1.5 percent
(NLR) (4.8)
WFR 3.5 0.9102.5 Spread reduced to 1.8 percent when CEPr
(NHR) (R.0) values removed
FNR 0.7 1.0t02.3
(P7Q2) 2.5
SFCR iR 1.5t03.5
(FNR) (3.5)

*Tests in AEDC altitude ccll at standard sca-level static conditions included for comparison.

Table 4

Ground level bed/altitude cell comparison. Sea-Leve! Static Conditions. Engine 607594

Engine parameter Overall spread

(Independent at mid-thrust Comments

Variablc) (Percent)

NLONH 0.5

(NHRD)

T7Q2 23 Spread affected by failure of T7 thermocouples at NRCC
(P7Q2)

WAIR 2.5 NRCC airtlow low by 1.0 — 1.5 peteent.

(NLRD)

WFR 36

(NHR)

FNR 5.0 Spread reduced to 3.0 percent if CEPr (Aly)

(P7Q2) non-equilibrium values reatoved.

SFCR 27 Max spread is between NRCC (GL) highest and AEDC
(FNR) (Alt) lowest




TABLE 5

Differences in engine inlet total pressure using
different calculation methods.
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NASA Number of]| Percentage Percentage Total area Average
Condition 3| pressure [contribution|contribution Pressure
Test Point 746 values of the of the assigned to| Calculated

considered| main rake boundary all probes [ kPa )
to P2AV layer rake ( Physical
to P2AV area
836.892 in )
Method 1 20 100 2 - Total Area 83,246
(GTP (main) (Simple arithmetic average)
Baseline)
Method 2 20 100 2 - 837.720 83.246
(main)
Method 3 8 100 2 - 333.544 84.048
(main) (401 of
area)
Method 4 46 90 I 10 2 697.406 83.186
(main +
boundary
layer
Method 5 58 67 2 33 1 837.672 83.206
(main +
boundary

layer
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RAE CELL 3
TEST ENVELOPE FOR
70 kg/sec (@ S.L.S.)
J ENGINE
. >Change in
P4
7 UETP
TEST CONDITIONS
UETP Inlet total
condition | Temp K
1 253
2 268
D1,2,3.ll ®5 2 %
- 5 to 10 %8
0 0.5 1.0 1.5 2.0 2.5
Mach Number
FIG 2  TEST ENVELOPE FOR RAE (P) CELL 3
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UETP TEST CHRONOLOGY

FACILITY ALTITUDE SEA LEVEL
Engine

Serial No. 607594 615037 607594 615037
NASA (1) v v

AEDC v v

NRCC (1) J v
CEPr v V4 v
RAE(P) Jr

TUAF v
RAE(P) V4

NASA (2) v v

NRCC (2) V ¥
NAPC v
Notes:-

1. * Test aborted

2. Numbers in brackets denote FIRST and SECOND Test Series
at same site.

FIG. 3 GEOGRAPHICAL AND CHRONOLOGICAL ORDER OF ENGINE TESTS
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y= sfc

Typical point

L/(Xhﬁ’

X

F1G.5 TYPICAL ENGINE PERFORMANCE CURVE
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UETP ALTITUDE FACILITY CONPARISON

Ref = LeRC
1C=6(82.7-1.

Eng~ P-6873%4 Const, Parameter Ps?/P2= 1,735 3-288)
4 WAIR  WFR TR SECR 7] 1202
11 LeR¢
2 i
% DIEF 8 fr I LJ[J sti] 4 RAE(P)
T |ij
N m TR/
) | | |
% I § o In L
4 | | 7]
y | | | | |
1234 1234 1234 1234 1234 1234 84-13-19835
UETP ALTIIUDE FACILITY COMPARISON Ref = LeRC
Eng- P-6873%4 Const, Parameter Ps?/P2: 1,735 1029(28.7-1,3-288)
4 WAIR KER FNR STCR P92 1M
_ I LeRC
Z i | ' | 2 REXC
W MEF 8 ' 4 St
% DIE l ” | 1 f[TI ! .
2 NI ! |
4| | | | | |
§ Pl/pa__ N/NL_ (D8 CGA TT8 NHR/178 |
, i l | I $ J‘
W DIFF D | ‘ \ lp | |
2 | R | L L
l | | |
41234 1234 1234 1234 1234 1234 84-20-1985

FIG.7 EXAMPLE OF PROPOSED BARGRAPH PRESENTATION
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INLET
3 = O NASA UETP STANDARD
O LARGER
A NRC CANADA SEA-LEVEL
97
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INVESTIGATION OF FACTORS AFFECTING DATA COMPARISON

by
D.M. Rudnitski
Section Head
Engine Laboratory
National Research Councit Canada
Ottawa, Ont. K1A ORE
CANADA

SUMMARY

In evaluating engine performance in test facilities, ground-level test beds or altitude tanks, facility influences on performance
measurements must be quantifiad. Of the three main engine parameters, only fuel flow measurement is facility type independent, whereas
thrust and airflow calculation procedures tend to be facility type specific. Data consistency checks for thrust and airflow using the method
of flow coefficient, has been demonstrated to be quite a useful tool for inter-facility comparisons, whereas for fuel flow, sensor redundancy
is most common.

The possibility of engine deterioration occurring during an extended test program required close monitoring of basic engine parameters

using facility independent sensors. Aithough some long-term changes in engine behaviour did occur, the magnitude of these shifts did not
warrant data correction.

LIST OF SYMBOLS

A8 Area at Exhaust Nozzle Inlet

AEDC Arnold Engineering Development Center
AEDC Amold Engineering Development Centre
cDs Flow Coefficient

CEPr Centre d'Essais des Propulseurs

CcGs Gross Thrust Coefficient

FG Gross Thrust

GTP General Test Plan

LHY Lower Healing Yalue

NASA National Aeronautics and Space Administration
NHR High Rotor Speed

NLONH Ratio of Rotor Speeds

NLR Low Rotor Speed

NRCC National Research Councit of Canada
pP2av Average P, at Comp inlet Plane
P3 Comp Discharge P

P7 Exhaust Nozzle Inlet Total Pressure
P7QAMB  Nozxzis Pressure Ratio

PAMB Static Pressure at Exhaust Nozzle Plane
PS? Exhaust Nozzle Inlet Static Presure
RAE(P) Royal Aerosp Establic Py k
RAMSPC  Specified Ram Ratic

SFC Specific Fuel Consumptioi

™3 Comprassor Discharge Temp

T4 C Exit Temp

7 Exhaust Nozzle iniet Total Temperature
TUAF Turkish Air Force Supply and Maintenance Centre
UETP Uniform Engine Test Program

WA? Facliity Measured Engine Airflow

WA2 Reference Engine Aifflow

WF Facility Fuel Flow

WFE Engine Reference Fue! Flow

1 INTRODUCTION

The previous } have provided some appreci of the plexity of the UETP, as not only was this project conducted over
8 period of several years, but the varlety of test instaliations and lack of environmental controt in ceraln tacilities made direct dats
comparison more challenging than originally envisaged. This lecture will dea! with a number of factors affecting data comparison, pointing
out the differences between altitude and ground-level test beds regarding thrust and alrfiow t. Another Ideration was that
the ambi ions for temp , P , and to a lesser extent humidity, using the data reduction equations inciuded in the G b
Test Plan (GTP), (Ret. 1), were valid over a limited excursion range, introducing additional deviations in the calculated performance
p . These ! are of greater significance for ground-level test beds, which have no capability for environmental control.

The three main performance parameters, sirflow, thrust and fuel flow were critically evalusted using & system of cross checks and
consistency checks to quantify any faciilty or interfacility bias. In cases where the values exceeded declared uncertainty limits, reasons for
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variations were sought. Of course, in an engine test prog involving ik le engine running time, the question of engine
performance tion must bs add! . There was iderable debate on whether there was any engine deterioration, and if so, how
could it be accounted for in the data comparison.

in this lecture, the following subject areas will be discussed, with typical examples excerpted from Ref. 2 as appropriate.

1. Facility test configuration, altitude vs. g d-level

2. Thust definition, altitude vs. ground-level

3. Ambient corrections

4 M ement i 'y checks for airfiow, thrust and fuel flow
5. Engine hing, with ion on perf

A number of facility effects were aiready d in the previous lecture, but it is worth briefly recapping some of the more significant
ones.

2 FACILITY EFFECTS
2.1 Test Configurations

Prior 1o the discussion of engine perdormance s, it is y to ine the test configuration and the requitements
imposed by the basic physics of the engine and engine operating environment.

There were two classes of test facilities in the UETP, the ground-level test bed, and the direct-connect of altitude test configuration.
For a ground-level test bad, the engine directly takes in atmospheric air, and exhausts directly back into the atmosph. The direct-connect
configuration derives its name from the fact that the engine inlet is directly connected to & controlled air supply syatem, and the exhaust
exits into a sep ly controlled envi t. The ntial f of the different types of turbine engine test configurations are shown
in Figure 1 (Ret. 3 and 4).

2.1.1 Ground-levef Test Bed

The ground-level tests beds differed from one another in two major respects: the size of the cell cross section and the layout of the
flow path. The outdoor test stand at NAPC representad one extreme, the engine being in a free field environment with no inlet silencing
splitters or exhaust detuner. The other beds were enclosed cells with the inlet arranged either horizontally (NRCC and CEPr) or vertically
(TUAF} and with the exhaust discharging vertically upwards. In ground-level test cells, the diﬂusor size and placement have a marked effect
on the test cell secondary flow rates and windage drag on the sngine installiat his p ble to use an ftor tube which can be

moved relative 1o the mglm exhaust plane, lnd a variety of collector inserts to modify the flow area. The engine nozzle/coliector diameter
ratio, the ent ion and spac the engine nozzie md collector are key design elements in determining the entrained
secondary sirflow and the static pnuuro ﬂeld sround the nozzle. In g 1, the nozzle/coll diameter ratio defermines the secondary
airflow, and hence inlet momentum and windage drag, while the nonhlcolloctor spacing strongly influences the local static pressure field
around the nozzle. Of course, there is an interaction between these two effects, thus each instaliation should be specifically tuned. Detailed
descriptions of the individual beds are given in Appendix il A of Ref. 2.

2.1.2 Altitude Test Cells

The altitude cells were ali of the same basic, direct connect type; the main differences were the size of the cel), the design of the joint
between the fixed inlet ducting and the moveable portion attached to the thrust frame, the method of measuring the inlet airflow, and the

g y of the exh llector and its positioning in relation to the engine nozzle.

Although there are a ber of hardh i Jlable 1o imph sach of the koy functions in a ditect-connect test configuration,
nunevmhokunumhlmauehdmo‘" ing functions be stully impl

First, the flow of air through the engine must be known very accurately. A ventuti of an inlet belimouth represent two of the devices
used 1o plish this After the flow of working fluid is carefully d, it mey be Y to condition the flow profifes
of the air entering the engine.

¥ thrust s to be determined from the sum of all body forces acting through the engine nting ions, then a key e} in the
direct-connect test installation is the interface b the test cell atructural ground plane and the metered plane on the sngine thrust stand.

it 's a challenging problem to provide an intarface plane that is free of mechanical forces and, at the same time, has zero leakage for those
cases where the sirflow measurement system is located off the engine thrust measurement system. Perhaps the most sssential element in
the entire thrust measurement system Is the thrust stand which supports the test engine during operation. The force measurement subsystem

within the thrust stand provides a direct of the forces applied to the thrust stand.
Finally, for control of the engine exit envi in encioesd test installati Ris y 1o utilize some type of exhaust diffuser
to coflect the engine exhaust geses and direct thern away from the test cell. ¥ adverse test cell flow recirculations are to be avoided in

aititude test celis, it is necessary to match the exhaust diffuser 1o the test cell exhauster equipment and the test article mass flow. Test cell
flow recirculations stem from the viecous mbdng of the engine exhaust jet with the ambient air and the resulting flow impingement of the
exhaust jet with the diftuser walls. Detailed desc.iptions of the individual cells are given in Appendix Il B of Ref. 2.
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2.1.3 Comparison of Instaliation Geometries

In view of the possible influence of the test instaliation on the perf of the engine - at the inlet by virtue of the effect on inlet
total pressure profile, particularly in the boundary layer, and at the exhaust through the influence of static pressure gradients resulting from
the entrained air - it was thought desirable o record the major fi of each i llation g y.

The inlet and exhaust g ies of the g d-level beds are pared in Figure 2 and the gaometries of the altitude cells in Figure 3.
The main di ions of the exh. llectors are ized in Table 1.

2.2 Gross Thrust Definition

Reference instrumentation was provided for all practicable measurements, with the stated purpose of setting test conditions, monitoring

engine heaith and di onglm perl ti Of the main performance parameters, two of the three, tacility airflow and fuel
frow, could be pared t the , leaving thrust as a facility parameter only. Thrust, glou or nol is & derived
parameter, made up of ocdo-loreo. pressure-area and inlet momentum terms. in g |, the scale-f term is domi icularly for

ground-level beds, however, at high Mach numbers achievable in altitude hcmtm the lcale—lorco is only a small component

Special ion was di d to the of the total p and P at the P inlet (Station 2) and the
static prsssuro at the nozzle outlet (Station 0.5) as these parameters havo & critical infl on engine perf 1ce.

QOne of the difficulties in the UETP was in the definition of PAMB, and how this pressure differed in each installation type. In an outdoor
facility, the engine operates in a uniform static pressure field; thus the pressure in the plane of the nozzle exit is the same as that surrounding
the engine. For this situation, with still-air conditions, the measured thrust on the load cell is equal to the engine gross thrust. In an indoor
facility, an exhaust collector is generally placed in close proximity to the nozzle exit, creating an ejector effect, thereby inducing secondary
airflow through the test cell. This pk t bined with the dary airflow entering the collector, locally modifies the static pressure
field at the nozzle exit.

For this situation, the engine static pressure environment is different from that measured by the trailing edge static taps (Station 0.5),
the value of which was defined as PAMB in the GTP. To overcome this difficulty, all pressure forces were referred to a plane upstream of
the engine inlet, which when added to the scale force and momentum terms, yielded a value for gross thrust (Ref. 5). See Figure 4 for the
defined control vol o ion to dard day conditions in ground-level beds is then simply:

FGRC = FG/(P2AY/101.325)
rather than:
FGR = (FG/&) + (A8/8)(PAMB - P2AV)
as defined for ground-levet test beds in the GTP.
Additionally, for ground-level faciiities, FGRC = FNRC, i.e., net thrust = gross thrust.
Section 9 of Ref. 2 pointed out the inadequacy of the thrust equations when applied to an outdoor stand of a ground-fevel test bed.

Referring back to Figure 1C, in an altitude chamber the PAMB term is essentially cell pressure, PSO, as the cooling aiflow is small
enough to limit the variation in static pressure around the nozzfe.

Since the data comparisons using thrust were based on the equations in the GTP, Ref. 1, there will be differences on the ground-level

d

bed comparisons that are artificial. The mag of these diff will be dealt with in a later lecture.

2.3 Ambient Corrections

2.3.1 Introduction

When setting up test conditions it is impossible to achiave the required values precisely, sven in altitude facilities where a high degree
of control can be exercised. On ground-level test beds no control is possible over inlet conditions and significant variations from the desired

A

values have to be pted, icularly with respect to inlet t

P

For the UETP progi . the engine pert P btained at the *as set" test conditions were corrected to the desired
conditions using the ional given in Appendix IV of Ref. 2. Similar equations were used when referring altitude test data
to standard ground-level condmom

In the course of detailed analysis of NRCC Second Entry (SE) tests which were run at conditions well removed from standard sea-level
conditions, discrepanciss were seen between fuel flow data referred to standard sea-level conditions using the GTP formulae, and those
from tests run at or close to the standard conditions. A'so, RAE(P) in their post-test data report, observed that fuel flows measured at RAE(P)

did not relate using the normal ref: method with change in engine inlet air temperature. See Figure 16.1 from Ref. 2 for an example.
As & result of the observed discrepancies in the UETP data adj eters, a more detailed investigation was made of the
relationships used to adjust data for & mi of inlet temp from mndard day conditions and engine ram pressure ratio effects.

2.3.2 Analysis Methodology

The adjustment parameters used in the UETP 1o correct airflow, fuel flow and thrust for a mismatch in temperature and/or pressure
are pt d in the f tions which were obtained from Appendix IV of Ref. 2.

9
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Alrflow
WATR = WATVIVG
Fuel Flow
WFR = (WF/ 8/B){(LHV/42960)
Thrust
FGR = (FG/8) + (A8/8)[PAMB - (P2AV/IRAMSPC)]
To evaluate the deviations in the UETP data parisons which ited from the use of the UETP referred ti a
was made of adjusted data using output from the UETP equations and output from a J57 engine model snmulatnon The engine mode!

simulation was compiled by AEDC using JS7 component maps supplied by the US Air Force, Wright-Patterson AFB. The engine model was
trimmed to the UETP engine using UETP Teast Condition 3 data (82.7/1.0/288).

After validation of the J57 engine model simulation, output from the mode! was compared with the UETP inlet temperature and engine
ram p ratic ction predictions and diff noted.

2.3.3 Temperature Lapse Rate

The variation of engine perf: with inlet temperature is d to as temp: iapse rate. The differences between the lapse
rates that result from using the UETP correction factors and the J57 model simulation are presented in Figure 5. The comparisons were
accomplished using low rotor speed settings that bracketed the range of interast lor the UETP sea-level and near sea-leve! test data. Figure
5 also presents the ground-level facilities inlet temperature excursions.

Because of the ability of altitude test faciiities to set inlet temperature within a few degrees, the imperfections in the UETP temperature
referred equations have no impact on the UETP altitude facility data comparisons. Except for the NRCC (SE) data, the error in the ground-
level facilty data comparisons using the UETP referred equations is about 0.2 per cent.

2.3.4 Ram Ratlo Effects

The UETP data adjustments for engine ram pressure ratio variations are basically correct for a chol ed exhaust nozzle; however, most
of the UETP sea-level and nesr sea-lovel test data were obtained with an unchoked exhaust nozzte. The differences in engine performance
as a result of using the UETP ram ratio correction factors and the J57 model simulation are presented in Figure 6. The comparisons were
again made at a corrected low rotor speed of 5806 rev/min which corresponds to an exhaust nozzle p ratio of about 2.1 at sea-leve!
and a speed of 5277 rev/min which corresponds to an exh nozzle p ratio of about 1.7 at sea-level. Figure 6 also presents the
overall UETP ground-level and aititude facility engine ram pressure excursions for the sea-lovel and near sea-level test conditions.

Based on the differances shown in Figure 6, there is no significant impact of the UETP facilities variations in engine ram pressure ratio
on the data comparisons.

2.4 Treatment of Failed Instrumentation

Ouring the course of the test series, a number of sensors travelling with the engines as the reference instrumentation suHlered irom
physica) deterioration. Particulary susceptible were the hot end sensors, T7 and P7, necessitating a change-out at CEPr, the fourth stop
in the test sequence. As these measurements were rather critical in evaluating nozzle fiow and thrust coefficients, some level of confidence
had to be placed in the quality of measurements. Of particular import was the and/or synthesis of missing inf ion when
one or more of these sensors went unserviceable. in the case of P7, it was necessary to base comparisons on a measured PS7, and
compiting a P7 using a tailpipe area ratio and gamma. Temperature, T7, could not be synthesized. Instead, each facility had to declare
their methods of probe substitution, but no quantitative analysis of facility methods was done. Thus, there is some additional uncertainty
cast in data comparisons using T7.

3 MEASUREMENT CONSISTENCY CHECKS

Each facility employed their own in-house techniques for ensuring the integrity of their data, using various erfor checking techniques
as part of the measurement evaluation process.

Maximum confidence in a maasurement is only achieved when multiple sampling of two or more independent methods are employed
and compared simultaneously, and when data comparisons are made with other facilities. Data outside the measurement uncerntainty bands
of parative methods indi the pi of an ly, an unaudited or poorly estimated error source.

in this section, we will review the method! ployed for examining facilty reported values for thruss, airflow and fuel flow.
3.1 Comparison of Gross Thrust

Gross thrust is the sum of the exhaust gas momentum and the static pressure force across the nozzle exit plane. The actual thrust
measured in a test cell depends upon cther terms such as inlet flow ntum, | static p e distribution on the engine structure,
and other forces acting on the engine test frame, The accurate derivation of gross thrust therefore ralies on an accurate measurement of
the actusl thrust acting on the test frame as well as inlet airfflow and velocity, ceil static pressure measutement and the elimination of, or
accounting for stray forces.

Thers are two types of checks ly used to validate engine scale-force thrust: tailpipe momentum checks and
nozzle thrust cosfficient checks. The tailpipe momentum check refers to the comparison of scale-force gross thrust with the value of gross
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thrust computed from pressure and temperature traverses st the nozzle throat (Ref. 3). The nozzie coefficient checks consist of comparing
the measured nozzle thrust coeflicients with the predicted coefficient values from test rig and model data.

The analysis used in the UETP was to compare the gross thrust coefficient CG8 determined at each facility.

caGs - Gross thrust derived from measurement
Isentroplc gross thrust for same nozzle area and pressure ratio

The isentropic or ideal value is a function only of nozzle pressure ratio, nozzle area and gamma. CG8 has a well established
retationship with pressure ratio, increasing up to a peak value at a nozzle pressure ratio of around 2.5 at which point it levels off and remains
constant over & modest pressure ratio range, i.e., until under-expansion begins to have & marked effect.

In Figure 7, an envelope was drawn around the CG8 plots derived for all 10 test conditions at each altitude facility. Each envelope
is made up of a series of curves, one for each altitude condition, that departs from the single curve for an ideal nozzle. This bandwidth is
due to a combination of engine related effects such as Reynolds number, swirl angle, and boundary layers, and measurement errors.

All results in Figure 7 show the typical nozzle characteristic shape with choking pressure ratios occurring above 2.5, but NASA and
CEPr have a considerably broader range and higher maximum values than RAE(P) and AEDC.

The measurement of total pressure in the nozzle was suspected as being the main reason for this disparity, and in Sections 17.2 and
18.2.2 of Ref. 2, itis shown that total pressure was a function of exit swirl. This suspicion was confirmed when an alternative thrust function,
defined below, was used as the basis of the comparison; one that is independent of nozzle total pressure.

Fortunately, the nozzle inlet static pressure was found to be a more accurate measurement from which an isentropic value of nozzle
total pressure could be calculated. Assuming an area ratio of jet pipe to nozzle exit area of 1.7293 and a value of y = 1.35, CG8 was
recalculated (as CG8C) based on the calculated value of nozzle total pressure. These results are plotted in Figure 8. As can be seen, this
not only reduces the width of each envelope within which the test points are contained, but also reduces the difference in the value of CG8C
at which the envelopes flatten out. CEPr results are 1 to 1% per cent higher than the mean of the other three facilities, except for Test
Condition 9 where the values are two per cent lower than the others.

A comparison between the altitude test results and those from two of the ground-level test beds is given in Figure 9 using the results
from Engine 607594. The altitude test condition selected for this parison is that which corresponded nearest to the sea-level static
condition. This again shows the CEPr altitude test cell to be measuring the highest values of CG8C while the NRCC ground-level bed gives
the lowest, the difference between them being approximately two per cent.

Differences of less than one per cent in CG8C between the various test centres are judged to be a good result, but values greater than
this give increasing cause for concern. A three per cent difference is viewed as casting doubt on the validity of gross thrust derivation. With
these criteria in mind, and acknowledging that there is no absolute dard against which to pare, it seems that RAE(P), NASA and
AEDC altitude results are in good agreement at choked nozzle conditions while CEPr measure a higher level of gross thrust. The ground-

level test bed at NRCC measures gross thrust lower than the altitude facilities.

it has not been possible to identify solely from CG8C parametric atudies which of the many measurements are the major contributors
to the differences. As far as frame load is concerned, stray forces are usually of a low order and can be calibrated out unless they result
from some altitude effect. Static pressure distribution within the test cell can be important in some facilities as subsequent analysis using
data obtained from the outdoor test bed at NAPC has shown. The definition of PAMB is a critical item, and as shown in Part 2.2 of this
lecture, the thrust accounting must refer to a well defined n plane. in Ref. 2, Appendix Vill, it is shown that gross thrust
FG for the NRCC facility was low by approximately 0.8% uslng the GTP equations. Taking this variation into account, the gross thrust
coefficient for NRCC would fall on top of the data from RAE(P), CEPr (SL) end NASA in Figure 9.

3.2 Comparison of Airflow

There are | types of 1t checks that may be performed for engine airflow: inlet duct, tailpipe, turbine nozzle, and nozzle
coeflicient checks.

Duct checks consist of comparing engine airflow from the facllity primary airflow measurement system with calculated airflow using
the engine bellmouth and/or meast at the engine inlet (face) station. Tailpipe checks refer to comparison of the primary airflow
measurement value with the value obtained using a tailpipe cortinuity balance. Turbine nozzie checks are based on a comparison of the
high-pressure turbine nozzle flow function over the engine operati 1 For choked turbine flow, the turbine nozzle flow function
should be relativel and ind dent of test conditions. Tho tinal chock nozzle cosfficients, consists of comparing the as-tested
nozzle discharge comlcienu with the onglne manutacturer's predicted values from test-rig and scale-model tests.

In the UETP, facility airflow, WA1, was compmd using a combination of these methods, and ss reported in Ref. 2, the comparison
methods were roughly grouped into tailpi /nozzle coefficients and nozzle flow functions. Each of these comparisons will be
discussed in turn.

3.2.1 Exhaust Nozzie Flow Coefficlents

This pari hni p the facliity airflow, WA, to the ideal airflow calculated in the engine tailpipe based on measured
values of pressure, umpomuu. fuel flow and area. A flow coeflicient, CD8 was defined as:
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co8 - Facllty measured airflow
Isentropic &lrflow In exhaust nozzle
In the previous section, the reader was appraised of the nt difficuities experienced with total pressure and temperature due
to inoperative sensors and swirl. Total p was similar} hesized from measured static pressure, but unfortunately the as-measured

temperature had to be used. This rocompulod flow cooﬂlclom was called CD8C.

As with CG8C, a convergent nozzle of fixed geometry produces a similar characteristic shape for CD8C. Figure 10 shows the envelope
of results for all the four altitude test facilities obtained from Engine 607594. RAE(P) and AEDC appear to be in close agreement on airflow
measurement with NASA one per cent higher and CEPr a further one per cent higher still.

A high value of CDBC Is consistent with a high value of measured airflow and, because of its influence on inlet momentum, a high value
of airflow leads to a high value of gross thrust. It ca.1 be seen therefore that as both CEPr nozzle coefficients are high, it is most likely that
the source of ditference is in the measurement of airflow rather than of scale force.

The comparisons between altitude and ground-level test beds, for Engine 607594 are given in Figure 11. Compared to CG8C, the
spread of results is of the same order, about 2V: per cent.

The previous comments about the absolute accuracy of nozzle coefficiant values at different altitude test facilities and the reasons for
any variation are just as true for CD8. It should be remembered also that the main aim of the UETP however, was not to calibrate test
facilitios against each other. The emphasis was to evaluate various methods of analysis which can highlight any discrepancies in
measurements and procedures, to benefit future testing. On this basis, it can be seen that nozzle coefficients CD8 and CG8 do provide
a powerful means of checking the validity of thrust and airflow measurement, These coefficients are particularly useful if a facility has tested
engines of a similar type before, or if a reference sea-level test result is available to provide a datum.

3.2.2 Turbine and Exhaust Nozzie Flow Functions
Another technique for assessing the quality of facility airflow is through the use of nozzle flow functions. As a reminder, each facility

measured airflow, WA1, with a flow measuring system normally used by that facility. The reference airtlow at the engine face, WA2, was
deduced from basic p perature and area meast its.

Thus the measured values of WA and WA2 are independent, albeit using the same data system, and provide a good basis for
comparison of the relative quality of the airflow data obtained at the various facilities.

In addition, other independent comparisons of flow data are possibie because of the unique behaviour of selected gas flow functions
at the first stage turbine nozzle and exhaust nozzle when critical flow (choked flow) exists at these stations. The flow function is defined
as:

K- ﬂ;‘/i - Constant

{(when flow is choked and effactive flow areas and gas properties remain constant)

The limited instrumentation available in the engines required some approximations to compute the gas flow functions. To minimise
the effect of these app ti the gas flow f are p only for conditions when critical flow simultaneously existed at these
stations.

i 2ot

3.2.2.1 Turbine Nozzle Flow Function

Two flow functions for the first stage turbine nozzie were defined as follows:

K1 - \WA1 +« WF)/T4

P3

WA2 + WF)/T4

K2 . \WA2 + WFY/T4
P3

The use of P3 in thess equations is based on the assumption that the combustor pressure drop is assumed to be the same for sach
{acility und test condition. The values of WA1, WA2, WF, and P3 were measured directly. The turbine temperature T4 was calculated from
the tion using the d values of T3, WA1 and WF, The combustor efficiency was assumed to be 100 per cent. The
common value of T4 was used In each of the two flow functions; this has a negligible effect on K2,

These flow functions were evaluated over a wide range of test conditions for those data points which satisfied the requirement that
both the first-stage turbine nozzle and the exhaust nozzle were choked. For this analysis, the exhaust nozzle was considered choked for
those data points in which P7QAMB was greater than 2.4. Cycle analysis confirmed that the turbine nozzle was choked whenever the
exhaust nozzle was choked. The complete evaluation was performed only for data obtained with Engine 607594.

The mean values of K1 and K2 at Test Conditions 6, 7, 8, 9 and 10 are shown in Figure 12.
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3.2.2.2 Exhaust Nozzle Flow Function

One flow function for the exhaust nozzle was defined as foliows:

KEs - WAL + WE)T7

PS7

where WA, WF, T7 and PS7 were measured directly.

This flow function was evaluated for most of the test conditions used when determining K1 and K2. Agaln, KES was evaluated only
for those data points for which P7QAMB was greater than 2.4. The mean values of KES for the selected test conditions are also shown in
Figure 12.

3.2.2.3 Data Analysis - Area, Pressure and Temperature

Variations in the values of the flow functions K1, K2 and KES as a function of test facility and/or test condition could be the result of
real changes in the values of the flow functions and/or of measurement errars in the individual parameters (W, P and T) which enter into
the calculations. The mean values of the flow functions for each test facility were arranged in order of testing so that engine operating time
increased from left to right (Figure 12).

An inilial ination of the flow functions was made to determine if there were long-term chmges which occurred as a resun of
hanical or dy ic changes in either the first stage turbine stator or the exh nozzle. les of p ial ch includ
erosion, bowing und bending, which could affect the flow area, the flow coefficients, or the leakage paths. Phya-cal lnnpoctlon and
measurement of the exhaust nozzle was poasible and was carried out, but no change was evid Physical inspection and
of the turbine stator was not possible b the engil were not di bled.

To assess the condition of the turbine stator at the beginning and end of the UETP, a comparison was made of the values of K1 and
K2 for NASA (FE) and NASA (SE) at Test Conditions 6 and 9. These data confirm that thers was no significant change in the aerodynamic
characteristics of the first stage turbine stator and iated inst ntation from the beginning to the end of the UETP. A decrease in
the exhaust nozzle flow function KES of about two per cent between NASA (FE) and NASA (SE) is shown in Figure 12. Since there was no
physical change to the nozzle, it is d that the change in KES Hed from diff in the flow parameter measurements.

The design of the UETP and the lysi hod ch make postible an independent ination of two groups of parameters
(WA + WF) and /T/P. ﬂnMWudoﬁmdedTworond ined. Analysis of the i y of the Y'T/P group is possible
by comparing K1 and KES at the various test facilities and test conditions. This oompuloon is significant bocauu identical values of (WA
+ WF) appear in each pair (K1 and KES) of flow functions and independent values of P and T appear in each flow function. As can be seen
in Figure 12, the difference of levels of K1 among test facilities is essentially the same as the difference of levels of KES. For example, the
values of K1 and KES from RAE and AEDC are similar and both are abaut one per cent lower than NASA (FE). The only signiticant
exception to this result is the values of KES for NASA (SE), ss was discussed above.

Based on this analysis, the y of the s of /' T/P in ali facllities made an insignificant contribution to the observed
variation in fiow functions.

3.2.2.4 Data Analysis - Alrflow
The previ is has just d d that 1) changes in turbine stator and exhaust nozzle area and 2) measurement uncedainty

of /T/P to observed vuhﬁom of K1 and KES were insignificant. Thus essentially all the observed variations in these flow functions result
from variation in the measured values of (WA1 + WF), Further, because ﬂ\o only difference between K1 and K2 is the substitution of WA2

for WA1, direct evaluation of the i y of these two is possible. Fi ly. the contribution of WF to the quantity (WA
+ WF) is very small (gonorlw less than two per cenf). Therefore, for purp of this analy it , variations in K1 and K2 can be assumed
to reflect directly the vari in the of WA1 and WA2

In the case of the ground-level faciiities the values for K1 and K2, hence WA1 and WA2, agreed fo within 2.0 per cent at NRCC and
1.3 per cont at CEPr. However, st NRCC the value of WA2 was greater than WA1. This was due to & known aiflow measurement problem
which resulted in K1 being about 1.0 - 1.5 per cent low. At CEPr, the value of WA2 was less than WAL, For the equivalent sea-level
condition at AEDC the values of WAT and WA2 agreed to less than 0.5 per cent and WA2 was the larger.

The analysi firmed that the d values of WA at RAE(P) and AEDC were very nearly identical and were about 1.0 per cent
lower then the values measured at NASA. The values measured at CEPr were generally slightly higher than NASA aithough at Test Condition
9 the CEPr value was the same as &t RAE(P) and AEDC. The values of K2 for Test Condition 11 from NRCC, CEPr and AEDC are not

included in this comparison b they do not satisty the condition of simukaneous choking of the turbine stator and the exhaust nozzle.
3.2.3 Fuel Flow Measurement

Fuel flow comparison techniques are g iy limited to park gal onoimmdou., drop ch istics across fuel
injectors, and bumer efficiency. hNUETPMﬁowm lyzed by first hladlhmuudwmmm&mund
by the reference meters on the engine. m»mmwmmmm g value and relative d , the values
mwmwmwm pared with those obtained st s J hellm. Flmw.hclmymmudfudﬂow
wes - pendent engine p

Subsequent to the analysis for the UETP, an analysis of fuel calibrators was carried out under the auspices of the National Institute
of Stand: and Technology (NIST), # ily N8BS, in which NRCC was one of the participants. A summary of these results will also be
included.
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3.2.3.1 Data Quality

Fuel flow data were compared betweaen the facility and the ref: {engine) syst AEDC showed flent ag between
tacility and reference data under virtually all test conditions, i.e., dnﬂovencon dud not exceed 0.5 per cent (Table 2).

The NASA data presented conflicting pictures in that during the first entry (FE) thera was very good agreement, comparable to AEDC,

while the second entry (SE) data were characterised by iderable scatter. This scatter, traced by NASA to facility problems, ranged
between £3.5 per cent, ding the declared rtainty for fuel flow of +1.7 per cent (Test Conaition 9).
RAE(P) declared its WFER values as invalid because of fusl temp. it probi and therefore a ison between

the two fuel flow measuring systems was not made. Any assessment in this report will be restricted to facility flow measurmna

The CEPr data were perhaps the least j Ditt ged from very good (Engine 607594 Test Conditions 1, 3, €, 10),
0 to -0.8 per cent, to very large at Test Condition 9.

Data from NRCC displayed very good agreement for the two fuel flow measurements, i.e., 0.6 to 0.8 per cent, sea-leve! static tests only.

The TUAF tasts used only the engine fuel flow measuring system, so no pari were p

As a resuit of the above study and from participants’ indications, all or part of the following data were suspect: RAE(P), all WFE; NASA
(SE), Engine 607594, possibly both fuel ing systems; CEPr, fuel flow measurements at Test Condition 9 measurements.

3.2.3.2 Examination of Differences in Fuel Analysls Between Facilities and NRCC

The tuels used by the prog icip woere analyzed by each facility to obtain the properties needed for fuel flow calculations.
In addition, samples were sem to NRCC for an independent analysis. Of primary importance were spacific gravity (refative density) and
lower heating value (net heat of combustion). Since both appear as direct multipliers in the fuel flow calculation, differences were combined
to indicate the total effect they might have on the calculation. The Rant diff were small and ranged from 0.04 to 0.35 per cent
{Appendix Vil} of Ref. 2. When referenced to the one per cent bined reproducibility, a of precision for the methods used by

NRCC in the analysis, these differences are not significant.

3.2.3.3 Evaluation of Fuel Flow Measurement and Engine Performance

Subject to the sbove-mentioned reservations about some of the data, comparisons of fuel flow and engine performance were made
for the participating facilities. Significant differences could appear depending on the basis for comparison. Small shifts in NHR at a given
nozzie pressure ratio, attributed to engine rematching or facility effects, suggest that nozzle pressuse ratio should be favoured as a basis
of comparison.

For Engine 607594, plots of facility measured fuel flow (WFR) against nozzle pressure ratio (PS7QAMB) at each test condition show
overall spreads of between two and three per cent at altitude test conditions, and three pe cent at SLS conditions (Figures 15-1 and t5-2
in Ref. 2). With declared uncertaintias of 1.0 to 1.5 per cent, the spread in the data indicates agreement, i.e., 1.5 per cent about & mean
value. Outlier curves of NASA (SE) at some altitude tests, and CEPr at SLS conditions, wers disrogarded b of previously identified
problems.

Plots of WFR against high rotor speed (NHR) showed that with the exception of CEPr, the spread of altitude test cusrves of Engine
607594 was betwaen two and three per cent. CEPr curves were consistently lower than the mean of the others and were not considered.

At SLS conditions, 1 g isted b NRCC ang AEOC; the CEPr curve was again low. Figure 13 is a typical example.
In lusion, di ing known errors, pari among all facilities for fuel flow showed spreads of +1.0 - 1.5%
about a mean value. Falling within the declared inties, this ag was judged to be very good.

3.2.3.4 Calibration Facllity Comparison

Although not directly related to the specific participants in the UETP, the question of bility to National Standards of fuei calibration
facitities must be .ddrnud Each test facllity has access to a calibration laboratory for fuel meters, which generally fall into two classes,
' and mass devi Py di are defined in their use to ensure that the lpoCiﬁod lccuracy Is maintained. Atthe NRCC, a careful
calibration of the volume type ballistic flow calibrator against Canadian Stand: produced a calibration tactor (K} that agreed within
0.0016% of the original one provided by the it .

In fall of 1967, an opportunity arose to participate in a round robin flow measurement testing program, conducted by the National
Institute of Standards and Technology (NIST), f tly NBS. The prog was initiated by the US Department of Defense, with some
participation from Industry and other agencies. NRCC was the only non-US participant, Without going into detail, the test results contained
two major surprises. The bias diff , among participating facilities, ranged over 0.8% (Ref. 6). All calibrators were of the highest
integrity, secondary in the traceability chain only to NIST. A spread of perhaps 0.3% (£0.15%) was generally expected. The other discovery
was even more startling. On lnopccﬂon it wu nohd that tm points from calibrating devices based on mass establishment (‘weighers?)
and those based on voll flow & ration ) 4 d distinct isiands among themaseives, see Figure 14. This plot was derived
from the NIST report and gives the results of one test configuration in simplified form. Even though each group had an outlier, the pattem
was 100 pi to be disregarded. No explanstion has been found yet for this ph Should & fund ! bias of this
magnitude exist between these two widely-used flowmeter calibrator sy , R would seriously promi from meters
calibrated through them.
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4 ENGINE 'REMATCHING’
4.1 Introduction
The intention of the UETP was to provide an “identical” test articie to each test facility that would operate in & respectabl
tashion throughout the round-robin. Although the engine and p d were ch to mini time dependent performance variations
or rematching, it had to be pted that variations were possible over the long test program. Additional studies were also conducted to

ensure that any apparent ‘rematching® was not the result of facility influencas, such as:

1. non-uniform inlet flow conditions and boundary layer thickness
2. secondary flow effects

3. cell heating and flow recirculati

4. instrument sampling rates

All these effects were encountered in one form or another and attempts were mada to quantify them, using back-to-back tests or special
studies. The effect of long term performance retention is more subtie, as real changes had to be extracted from facility effects and
measurement errors. The program was planned and the test vehicle chosen to minimize any changes of engine performance with time,
but neverthel p d were adapted to quantify them. They were:

1. book-keeping engine performance changes that occurred at each test facility
2. conducting the first and last ongma tests in the sama test facility and measuring the overall change in engine performance
3. monitoring data from the engine i i th hout the lest prog

ltem 1 was accomplished by having each facility conduct a repeat test at the completion of testing at the same conditions as were used

at the start of its test program. The resuits o( using this approach, h , were not conclusive. The difficulty was that the measured
engine p ges for the relatively short engine time involved lppoarod 10 be much smaller than the day-to-day random error
values of the facility measurement system. As a result, it was not possible to discern i short term changes in the engine

performance parameters.

Item 2 i of ing the engines to those facilities which first tested the engines, NASA for the altitude and NRCC for the
ground-level tests. Re-testing at NRCC also included an engine water wash test to examine lho effects of possible compressor fouling on
engine pe.formance. As was the case for ltem 1 the determination of changes in engine perf was not entirely ful. The
difficulty was that during the long elapsed times between fhe |mtlal and repest tests (4 years for the NASA tests and 3 yean for the NRCC
tests), facility equip Y ‘nd g hud taken place which lted in changes to d values
which could not be distinguished from the d engine perf ges. Hi , this was not the case for the water wash tests
which were accomplished on a back-to-back basis using identical facility hardh meas Y and p di

A further complication at NRCC, was that the repeat tests were ducted at inlet temp onsiderably different from the first
entry, the effects of which added a further 0.5% uncerainty in fuel flow and thrust {see Section 2.3).

The approach that provided the most eon.hum rolults wu the monitoring of the engine internal instrumentation (item 3). This

isted of using internal engine to ges with time in engine sirflow, engine pressure/temperature ratios and
engine thrust, along with the use of the engine fuel flow meter to estimate changes in engine specific fuel ption. Considerable detait
is given in Section 11 of Rel. 2, but the highlights will be outlined in this lecture.

4.2 Performance Retention Analysis Methodology

The analysis p dure for itoring time-dependent perf hanges was based on six criteria:
1. use data from identical anglno configurations
2. use data from identical tation sensor configurations to i bias errors
3. use data with minimum precision error
4. use identical data cal e thod
S.  use indicators representative of engine performance
6 p t engine perf: p ine that quantifies an engine change with operating time
s.hcﬁon ol the onglm tested at all altitude faciiities, having a larger database and longer g hours, satisfied criterion 1. Engine
J eight in total, were only used, satistyi iterlon 2. Critert 3wu tisfied by only using data with
tha mglnc nozzie choked (PTQAMB > 2.4), mlnlmizlng ambient eflects, Two test conditions and two onglm power settings were chosen
(NLR = constant). The use of UETP dard isfied criterion 4. Engine perf: (criterion 5) wers & mix of
directly d p and those oalculated from them. Direct were available for:
1. rolor speed ratio (NLQNH)
2. engine sifiow (WA2R)
3. engine luel flow (WFER)
4. engine temperature ratio (T5Q2)
5. engine pressure ratio (P5Q2)
Calcuisted parameters were:

oll for a constant value of low rotor speed (NLR)
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Gross thrust (FG) had to be calculated from WA2, WFE, TS and PS assuming a convergent choked nozzle and a fixed value for nozzle
thrust coefficient. Turbine inlet temp. (T4) was calculated assuming choked turbine nozzle flow and fixed values for combustor
efficiency and flow area.

Selected engine performance indicators from each facility were evaluated in terms of percentage change from a common reference,
NASA (FE) test resuits.

Test Facility - NASA (FE) 100%
NASA (FE) X 100%

% difference -

The differences were plotted as a function of accumulated engine time (criterion 6), using the mid-point of facility reported engine time
for the evaluation.

4.3 Data Analysis

Each performance parameter was plotted using as measured data for two test conditions and two values of NLR. The shaded lines
in the figures indicate the assessed trends, the width refiecting the magnitude of the ¢ inty esti All eight par are listed
in Ref. 2, but only two, NLQNH and SFC are included here for illustrative purposes.

Speed ratio, Figure 15, shows an overall decrease of about 0.3% with engine time, and while not monotonic, the shape is well defined.
Airflow variation (not shown here), WA2R, follows the same trend as the speed ratio data. The roll-off in speed ratio is accompanied by an
overall decrease of 0.4% in engine airflow.

Gross thrust specific fuel consumption (SFC), Figure 16, and combustor temperature (T4} both indicate an increase with time, and are
consistent with each other. While the uncertainty band in SFC is quite large, nevertheless a trend is visible. The overall increase in SFC
is about 0.6%, while T4 rose between 816 K.

In general, since the analysis had to be based on limited data which exhibited appreciable scatter it was difficult to quantity the extent
of any deterioration that may have occurred. It was concluded that engine performance remained essentially constant from beginning to
end of the UETP, as shown below:

Rotor Speed Ratio: minus 0.1 to 0.3 per cent
Airflow:; minus 0.4 to 0.7 per cent
Fuel Flow: plus 0.5 par cent

Thrust: minus 0.1 to 0.7 per cent

Specilic Fuel Consumption: plus 0.6 to 1.2 per cent
Combustor Temparature: plus 8o 18K

4.4 Engine Water Wash

NRCC performed a water wash on Engine 607594 in order to evaluate the effect of compressor fouling on engine performance.
Washing was qualitatively assessed as 95 per cent effective for the low pressure p with some deposit left near the rotor blade tips.
Retesting after the water wash disciosed no significant effect on engine performance for fuel low, SFC, thrust, engine or compressor
characteristics (T5/T2 vs. P5/T2, T3/T2 vs. P3/P2) when compared to the NRCC facility measurement repeatability (0.1 to 0.3 per cent).
Companent degradation recoverable by water wash was concluded to be a maximum of 0.1 per cent in rotor speed and 0.5 per cent in
airflow.

CONCLUDING REMARKS

This fecture has shown some of the differences between the ground-level test beds and altitude facilities, especially in the method of
thrust accounting. The use of flow coefficients is a powerful tool to ensure consistency of facility thrust and airflow, and can effectively be
used for inter-tfacility comparison providing choked nozzle conditions exist. Careful planning for monitoring performance retention is assentia
as engine deterioration could compromise the sought-after facility effects.
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d = 550 mm (nominal)

D S ] s
mm mm d d
NASA PSL3 1018 660 1.85 1.20
AEDC T2 1700 250 3.09 0.45
CEPr R8 1800 580 3.27 1.05
RAE(P) Cell 3 2134 1412 3.88 2.57
. NRCC Cell 5 838 457 1.52 0.83
CEPr TO 1930 650 3.51 1.18
TUAF 1830 1500 3.33 2.73
Table 1 Comparison of exhaust geometries
(WFR - WFE2RV/WFE2R x 100 [%]
co N
FACILTY | ENG TEST CONDITIO
1 3 6 L] 10 1"
s34 | 03 0.4 0.5 -05 05
NASA FE
" 037 | 02 0.2 0.3 06— 1.2 05
594 | 05—30 05— 25 05— 385 ~25—-35 1.0—25
NASA SE
037 {-0.4—11 ~03—-09 00— 14 -07— 27 0.2—1.0
594 | 04 -03 -08 -0.7 06 -03
AEDC
037 | 0.2 0.1 -0.1 03 0.0 0.1
594 0.8
NRCC
037 0.6
534 | -0.7—0.2 -05 -03 -70—-30 |-02 -18
CEP! *
037 -1.0—0.0
594 | -1.0—0.3 00— 30 |-20—-07 -80—-45 |-15—00
RAE (P}
037

*11 points of 18 had a % difference greater than — 10%; some WFEZR values were beyond range

Table 2 Differences between facility and reference fuel flows
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COMPARISON OF ALTITUDE TEST CELL RESULTS

Robert E.Bgmilh, Jr.

Vice President and Chief Scientist
Sverdrup Technology, inc./AEDC Group
Arnold ineering Dev nt Center

Amold Air Force Base, TN USA

SUMMARY

The steady-state R:r‘f:_ormanoe of the J57-PW-19W engine as measured in four altitude test facilities located at

NASA (Lewis), AEDC, (P), and CEPr was compared and analyzed at each of ten simulated flight conditions. All

of the performance comparisons were based on six pairs of fundamentally related parameters, which included

;:‘?;nbinauons of engine rotor speeds, temperature ratio, pressure ratio, airflow, fuel flow, net thrust, and specific
| consumption.

Two different methods were used to make the facilty comparisons. First, the facility performance was
compared using all engine data over the full r of test conditions and power settings tested. The comparison
between the four altit facilities was based on fraction of test data which are within a 2-percent band, i.e., +
1 percent of the mean performance curves at each of the ten environmental test conditions. Second, facility
performance was compared using the overall percentage spread of the characteristic curves fit to the six pairs of
key engine pertormance parameters for all of the simulated flight conditions at one engine power setting.

Facility comparisons based on the first method showed approximately 80 percent or more of all the data was
within a 2-percent bandwidth tor four of the six parameter sets, i.e., engine speed ratio, engine temperature ratio,
airflow, and specific fuel consumption. Only about 65 percent of the fuel flow and net thrust data was within the 2-
percent band. The fuel flow and thrust data from CEPr were significantly different from the other three test facilities
and contained contirmed anomaties. Omitting the CEPr data for these two parameters increased the fraction of
data points within the 2-percent band to 85 percent for fuel tiow and 92 percent for net thrust.

The ranges of overall engine performance spreads based on the second method are shown below for three
of the key pairs of engine performance parameters. The differences were evaluated at approximately the mid-thrust
level of the engine power range at each of the test conditions.

Interfacility

Engine Independent Spread

Parameter Variable (Max -

Min.) %

Net Thrust Engine 34-54
Pressure Ratio (0.3 - 3.3

Specific Fuel Net Thrust 09-24
Consumption (0.9 - 2.4)*

Airflow Low Rotor 1.3-36
Speed (1.3-2.9)

* The vaiues in parenthesis show the spread
excluding the CEPr results, which contained
confirmed anomalies.

Extensive and in-depth analyses of all of the observed interfacility differences were performed. These
analyses identified five primary factors which contributed to these interfacility ditferences as follows: thermal
nonequilibrium of the engine, dilferences in measurement systems hardware and software, unreliable
measurements of nozzle inlet total pressure, inlet fiow distortion, and iong-term performance non-repeatability
within the engine. During the planning for the UETP, it was anticipated that different levels of engine iniet
turbulence and variations of the magnitude of boattail force, i.e., force acting on the external surface of the engine
exhaust, could significantly affect the performance measurements in the aititude facilities. With the limited inlet
turbulence data obtained, it was not possible to determine it turbulence did or did not affect measured
performance. On the other hand, the substantial amounts of boattail force data which were obtained showed that
the 'avels of boatlail force for the several UETP test installations were insignificant when compared to net thrust.

LIST OF SYMBOLS

AEDC Arnold ErEineering Development Center

CEPr Centre d’Essais des Propulseurs

FNRD Net Thrust Corrected to Specitied Conditions

IC Influence Coefficient

NASA National Aeronautics and Space Administration

NHRD High-Pressure Compressor Rotor Corrected to Spacified Conditions, rpm
NLONH  Ratio of Low Pressure Comaressov to High Pressure Compressor Rotor Speed

NLRD Low-Pressure Compressor Rotor Speed Corrected to Specitied Conditions, rpm
NRCC National Research Council of Canada

P2 Engine Inlet Total Pressure, kPa

P7 Exhaust Nozzie Inlet Tolal Press., kPa

P7Q2 Ratio of Exhaust Nozzle Inlet to Engine inlet Total Pressure

RAE(P) Royal Aerospace Establishment Pyestock
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RPR Ram Pressure Ratio

SFCRD  Specific Fuel Consumption Corrected to Specitied Conditions, g/kN-sec
TC Test Condition

T2 Engine Inlet Total Temperature, K

T7Q2 Ratio of Exhaust Nozzie Infet to Engine Infet Total Temperature

UETP AGARD-PEP Uniform Engine Test Program

WAIRD  Faciily Aisflow Rate Corrected to Specified Conditions, kg/sec

WFERD Reteree Fuel Mass Flow Rate Corrected to Specified Conditions, g/sec
WFRD Facility Fuel Mass Flow Rate Corrected to Specified Conditions g/sec

1.0 INTRODUCTION

One of the basic objectives of the AGARD Uniform Engine Test Program was to identify, analyze, and
interpret facility-to-facility differences in steady-state engine performance as measured in four different altitude test
facilities within the NATO countries. The test facilities are: Test Cell PSL3 at NASA (Lewis), Test Cell T-2 at AEDC,
Altitude Celt 3 at RAE(P), and Altitude Test Cell R-6 at CEPr.

Six sets of engine performance parameters were sefected to assess the differences in the performance of
the four facilities. The selected parameter sets are:

NLQNH vs NHRD | WATRD vs NLRD | FNRD vs P7Q2
T7Q2 vs P7Q2 { WFRD vs NHRD | SFCRD vs FNRD

All comparisons of the performance of the altitude test facilities are based on data from only one J57-PW-
19W engine (serial no. P607594). Although both engines were tested at NASA (Lewis) and AEDC, the second
engine was not tested in the altitude test facilities at RAE(P) or CEPr.

Engine tests were conducted at ten different sets of environmental conditions. These test conditions included
four different inlet temperatures (253, 268, 288, and 308 K) at constant inlet pressure (82.7 kPa) and ram ratio
(1.00); four different inlet pressure conditions (82.7, 51.7, 34.7, and 20.7 kPa) at constant inlet temperature (288 K)
and ram ratio (1.30); and four different ram ratio conditions (1.00, 1.06, 1.30, and 1.70) at constant inlet
temperature (288 K) and inlet pressure (82.7 kPa).

The facility-to-tacility difterences in the six sets of engine performance parameters are addressed. Indicated
differences in engine performance are a manifestation of differences in facility performance and are a summation
of differences in live categories, i.e., test environment, test installation, test operation, test measurement, and the
engine performance at each of the altitude test facilities.

Factors included in the test environment which could affect engine performance and, hence, facility
performance are air quality parameters, e.g., specific humidity and fuel properties. Factors in the test installation
which could affect engine pertormance include the pressure and temperature profiles at the facility/engine infet and
engine exitfacility interfaces. Factors in test operations which could affect engine performance include the time
allowed after the specified test conditions are established for the engine to stabilize and reach thermal equilibrium.
Factors in test measurement which could affect engine performance include the bias and precision errors of the
individual measuring systems. Finally, the short-term (day-to-day) and long-term (duration of the UETP)
repeatability of the engine performance itself wouid also affect the observed ditferences in measured engine
performance between the facilities.

The data from all tacilities is compared in two very different ways. First, the population distribution ot ail data
values was analyzed over the entire range of engine power seltings to determine the fraction of the values which
are within a 2-percent band, i.e., +1 percent of the mean performance curve. Second, the overall spreads of the
engine peéfovmance parameters for all of the simulated flight conditions at one engine power setting were
determined.

All of the altitude test data were processed in accord with the General Test Plan {Ref. 1). The engine
pertormance data were corrected (referred) to the specified environmental test conditions to remove the effect of
small difterences between the as-tested inlet pressute, inlet temperature, and ram ratio and the specified
environmental test conditions. The UETP General Test Plan (Ref. 1) specified repeat data scans be obtained at
each test condition in the test matrix. These repeat data scans were obtained at NASA (L ewis), AEDC, and CEPr.
In %eneral, the repeat data scans were not obtained at RAE(P). Specifically, repeat data scans were obtained at
RAE(P) at only two of the ten test conditions (conditions 4 and 9 - Section 6.2, Ref. 2).

In subsequent sections of the lecture, the facility-to-facility differences for each of the engine performance
parameter sets are examined. Then, the effects of individual factors on the interfacility differences are examined.
Finally, the interfacility difterences are summarized, and the primary factors which lead to these differences are
identified.

All of the material presented in this lecture is taken trom sections 9, 11, 12, 14, 15, 17, and 18 of Ret. 2.
20 FACILITY-TO-FACILITY DIFFERENCES

The imerlac:m\y differences for each of the six chosen performance parameter sets are examined in the
following sections. The characteristics of the measured pertormance at a typical test condition are identified, and
the fraction of all the data within a 2-percent band is determined. Then the interfacility differences at each ot the
ten test conditions are grouped to display the effects of varying inlet temperature, inlet pressure, and ram pressure
ratio on a parametric basis.
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In a very few cases, data were not available from all four test facilities for all ten test conditions. The
unavailability of these data may, in some few cases, reduce slightly the observed facility-to-facility differences. This
effect on the UETP resuits is judged to be negligible.

2.1  Rotor Speed Ratio

Typical rotor speed ratio results from the four altitude facilities are presented in Fig. 1. Four characteristics of
the rotor speed ratio data are visibie. First, the rotor speed ratio decreases in the order of tests at NASA, AEDC,
and RAE(P). The repeat scan data are indistinguishable or they lie along the characteristic curve for the NASA and
AEDC data. The repeat scan data are significantly separated from the initial scan data and do not lie along the

ine characteristic for the CEPr data. As noted eatlier, only the initial data scans were generally obtained at
(P). The consistency in the measured rotor speed ratio characteristic at each facility suggests that the
differences between facilities are probably caused by biases.

A total of 99 percent of the rotor speed data is within a 2-percent band. The 2-percent band is defined as +1
percent from the mean performance characteristic at each test condition.

A summary of the facility-to-facility differences in rotor speed ratio at the mid- thrust value is shown in Fig. 2.
No systematic effect of the variation in test environment on rotor speed ratio is observed. Observed differences in
rotor speed ratio for the four facilities range from a minimum of 0.4 percent to a maximum of 0.8 percent for the
ten flight conditions. These interfacility differences are the smallest differences of any of the six parameter sets
chosen. The analysis of the test data from CEPr confirmed that sutficient time was not allowed for the engine to
reach thermal stabilization before some of the initial and repeat data scans were initiated. These thermal
nonequilibrium effects at CEPr contributed randomiy 0 to 0.3 percent to the observed interfacility ditferences. The
engine cycle rematch contributed up to 0.3 percent to the interfacility differences in a systematic manner (Section
11, Ref. 2). The facility-to-facility differences vary from a minimum of 0.04 percent to a maximum of 0.6 percent
when the data from CEPr are not included.

The detailed analysis and interpretation of the facility-to-faciiity differences in rotor speed ratio are presented
in Sections 9.2.1, 11.3.1, and 18.2.1 of Ref. 2.

2.2 Temperature Ratio

The typical variation of engine temperature ratio T7Q2 as a function of engine pressure ratio P7Q2 is shown
in Fig. 3. In a manner consistent with the characteristic of rotor speed ratio, the engine temperature ratio is neutral
or increasing in the order of testing conducted at NASA, AEDC, and RAE(P). Detailed analysis of the test data
identified a probable error of about 2 percent (low) in the nozzle inlet total pressure P7 measurements at CEPr.
(Sections 13.1 and 18.2.2 - Ref. 2) The probable cause for this error could not be established. At these test
conditions the influence coefficient AT7Q2/AP7Q2 is approximately 0.6. Thus, the probable error in P7 at CEPr
accounts for a displacement of engine temperature ratio of about 1.2 percent. Note that, in general, the repeat
scan data are not displaced trom the initial scan data for this parameter set at either NASA, AEDC or CEPr. A total
of 98 percent of the engine temperature ratio data is within a 2-percent band.

The facility-to-tacility differences in engine temperature ratio at the mid-thrust value are summarized in Fig. 4.
A detailed examination of the ditferences in each of the three test environmental groupings shows a possible
systematic effect of increasing T2 and decreasing P2. Observed differences in engine temperature ratio range
from a minimum of 0.6 percent to a maximum of 2.0 percent for the ten test conditions. The engine cycle rematch
contributed up to 0.3 percent in a systematic manner (Section 11, Ref. 2). The probable error in nozzle inlet total
pressure P7 measurements at CE%! contributes approximately 1.2 percent to the observed differences. The
facility-to-facility differences range from a minimum of 0.3 percent to a maximum of 1.3 percent when the data from
CEPr are not included.

The detailed analysis and interpretation of the facility-to-facility differences in engine temperature ratio are
presented in Sections 9.2.2, 11.3.3, and 18.2.2 of Ref. 2.

2.3 Airfiow

Typical engine airflow results from the four altitude facilities are shown in Fig. 5. The airflow measured at
NASA is the highest and that measured at RAE(P) is the lowest. The repeat scan data are not distinguishable trom
the initial scan data, or they lie along the airflow characteristic for the NASA (Lewis), AEDC, and CEPr data. A total
of 88 percent of the air flow data is within a 2-percent band.

The facility-to-facility differences in engine airflow are summarized in Fig. 6. An examination ot the grouping of
the differences by the test environmental parameters indicates a probable systematic effect of decreasing inlet
pressure. The observed differences in airflow at the mid-thrust value range from a minimum of 1.3 percent to a
mawmum of 3.6 percent. An anomaly in engine airflow and'or corrected low rotor speed was identified for test
condition 8 at CEPr; however, probable cause couid not be established. Differences in the test instaliations at the
four facilities created significant differences in the total pressure profile at the engine inlet. A special analysis of the
effec:s of variations in inlet flow distortion at the tip of the low-pressure compressor (lip radial distortion) was
completed by representatives from NASA. The results of this analysis indicated that the distortion contribution to
airflow difference is probably in the range from +0.5 to + 1.0 percent. The engine airflow at RAE(P) is less than
the airflow measured by the referee instrumentation by about 1 percent; however, a probable cause for this
difference could not be established. The facility-to-facility differences in engine a«flow range from a minimum of 1.3
percent to maximum of 2.9 percent when the data from CEPr test condition 8 are not included.

The detailed analysis and interpretation of the facility-lo-facility ditterences in engine airfiow are presented in
Sections 9.2.3, 11.3.1, 12.1, 13.2, 14, 17.3, and 18.2.3 of Ref. 2

2.4 Fuel Fiow

The typical variation of engine fuel thow WFRD as a function of corrected high rotor speed is shown in Fig. 7.
The fuel fiow decreases in the order of testing at NASA, AEDC, and RAE(P). The repeat scan data are not
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distinguishable from the initial scan data or lie along the fuel flow characteristic for the NASA and AEDC resuits.
The repeat scan data are separate from the initial scan data and do not lie along the fuel flow characteristic for the
CEPr data. Again, it should be noted that only initial scan data are generally available from RAE(P).

A total of 63 percent of the fuel flow data is within the 2-percent band. The fuel flow measurements at CEPr
are consistently displaced from the measurements from the other three facilities. Further, the CEPr data contain
significant effects ot thermal nonequilibrium as discussed in the paragraph below. A total of 85 percent of the fuel
flow data is within the 2-percent band when the data from CEPr are not included.

A summary of the facility-to-facility differences in engine fuel flow at the mid-thrust value is shown in Fi?. 8.
There is no systamatic effect of changes in the test environment. The observed differences in fue! flow range from
a minimum of 3.8 percent to a maximum of 5.5 percent. In a manner similar to that discussed for rotor speed ratio
in Section 2.1, the thermal nonequilibrium of the engine operating conditions at CEPr contributed from 0 to 2.5
percent to the facility-to-facility differences in a random manner. The engine cycle rematch contributed up 0.5
percent to the interfacility ditferences in a systematic manner. The engine iniet total pressure distortion at the tip of
the low-pressure compressor affected engine air flow as discussed in Section 2.3. This distortion effect is
propagated into the 'acility-\o-lacﬂi?/ differences of fuel flow and would probably contribute between 0.5 and 1
percent. The referee engine fuel flow measurements were not obtained at HAE(P); therefore, this diagnostic
parameter was not available for inclusion in the analysis. A special study was completed by representatives from
NRCC to determine the effect of variations in the chemical analysis of the fuels on the observed interfacility
dilerences in fuel flow. The fuel property analyses contributed from 0.04 percent to 0.35 percent. The facility-to-
tacility differences in fuel fiow range from a minimum of 1.0 percent to a maximum of 3.0 percent when the CEPr
data are not included.

The detailed analysis and interpretation of the facility-to-tacility differences in engine fuel flow are presented in
Sections 9.2.4, 11.3.2, 15, 18.2.4 of Ref. 2.

2.5 Net Thrust

The typical variation of engine net thrust versus engine pressure ratio is shown in Fig. 9. The net thrust
measurements at NASA, AEDC, and RAE(P) are very tightly clustered. As was discussed in Section 2.2, the
nozzle inlet total pressure measurements at CEPr were probably 2 percent low. The influence coefficient
AFNRD/AP7Q2 is approximately 2. Thus, the probable error in P7 at CEPr accounts for a displacement of net
thrust of approximately 4 percent. The repeat scan data are not distinguishable from the initial scan data at NASA ,
AEDC, or CEPr. A total of 69 percent of the net thrust data is within the 2-percent band. The net thrust
measurements at CEPr are consistently displaced from the measurements from the other three facilities. A total of
92 percent of the net thrust data is within the 2-percent band when the data from CEPr are not included.

The lacility-to-facility differences in engine net thrust at the mid-thrust value are summarized in Fig. 10 . An
examination of the ditferences in each of the test environmental groupings shows a possibie systematic effect of
increasing engine inlet temperature and increasing ram pressure ratio. Observed differences in engine net thrust
range from a minimum of 3.4 percent to a maximum of 5.4 percenl. As discussed in Section 2.2, the measured
values of nozzle inlet total pressure P7 were probably 2 percent low at CEPr. This prubable error contributes
approximately 4 percent to the observed ditterences in net thrust. Engine cycle rematch contribution ranges from 0
to -1.0 to 0 percent in a systematic manner. Unlike the discussion in Section 2.3 and 2.4 for airflow and fuel flow,
respectively, the engine inlet flow distortion at the tip of the low-pressure compressor Brobably has litle or no
effect on the net thrust versus engine pressure ratio characteristic. The net thrust at AEDC was approximately 3
percent lower than at the other three facilities at test condition 9; however, the probable cause of this difference
could not be determined. The interfacility differences in engine net thrust range from a minimum ot 0.3 percent to a
maximum of 3.3 percent when the CEPr data are not included. The maximum difference of 3.3 percent is reduced
to only 1.4 percent when the AEDC data at test condition 9 are not included.

The detailed analysis and interpretation of the facility-to-facility ditferences in net thrust as a function of engine
pressure ratio are included in Sections 9.2.5, 11.3.3, 12.3, 13.1, and 18.2.5 of Ref. 2.

2.6 Specitic Fuel Consumption

Typical engine specific fuel consumption resuits from the four altitude facilities are shown in Fig. 11. The
specific fuel consumption (SFCRD) was highest at NASA and lowest at AEDC. The repeat scan values are
distinguishable from the initial scan values in many cases. The parameter set of SFCRD and FNRD was chosen o
display this key performance parameter because of the basic relationships of these two variables. This choice,
however, is unique when compared to the other five sets of parameters because net thrust appears in both the
dependent and independent variables. The appearance of a common variable in both the independent and
dependent parameters required special attention during the detailed analysis. A total of 89 percent of the specitic
fuel consumption data is within a 2-percent band.

The facility-to-facility ditferences in engine specific fuel consumption at the mid-thrust value are summarized
in Fig. 12. No systematic effect of test environment is noted. Observed difterences in SFC at the four facilities
range from a minimum of 0.9 percent to a maximum of 2.4 percent. The engine rematch contribution probably
ranged from O to 1 percent. The effect of inlet flow distortion at the engine inlet is probably negligible because of
the offsetting etfects in both fuel flow and net thrust. The SFC was higher at AEDC than at the other facilities tor
test condition 9; however, the probable cause of this difference could not be determined. The contribution of the
thermal nonequilibrium of the engine at CEPr is negligible. This insensitivity to thermal nonequilibrium is judged to
be fortuitous and is related to the specific design features of the J57 engines used in the UETP. It is highly unlikely
that this insensitivity would exist on other engines having different aerodynamic and thermodynamic designs and
different control logic. The range of facility-to-facility ditferences in SFJ ot 0.9 percent to 2.4 percent did not
change as a result of the analysis.

The detailed analysis and interpretation of the facility-to-facility ditterences in specific fuel consumption are
contained in Sectiong 8.2.6, 11.3.4, and 18.2.6 of Ref. 2.
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3.0 ASSESSMENT OF INTERFACILITY DIFFERENCES

The effects of a total of 17 individual factors (see Fig. 13) on the UETP results were carefully assessed
during the detailed analysis and interpretation of the observed performance differences between the four altitude
test facilities. In the vast majority of these assessments, it was possible to establish with a high level of confidence
the reason for and the magnitude of the contribution to the interfacility differences on a factor-by-factor basis. Two
of these tactors were of sufticient size and could be established with sufficiently high confidence that both were
included in the final assessment of the interfacility differences. These two factors are (1) the engine thermal
nonequilibrium_during the data scans at CEPr and (2) the anomaly in the measurement of nozzle inlet total
pressure at CEPr. The ma?nitude of each of these factors and the engine parameters affected are shown in Fig.
13. These two relatively large tactors were included in the final assessment of interfacility differences by the
removal of the CEPr data because no correction of the data to account for either etfect was possible.

The remainder of the factors investigated were not incorporated in the final assessment of interfacility
differences as shown in Fig. 13. The results of each assessment were judged on the basis of the magnitude of
their effect on the interfacility differences and on the level of contidence which could be placed on the analysis and
interpretation. Three of these factors, specifically the effects of engine cycle rematch on the rotor speed ratio and
on engine temperature ratio and the effect of fuel properties analysis on fuel flow were not incorporated in the final
assessmant because they were judged to be too small 10 significantly affect UETP resuits, even though the
magnitudes of the effects were known with sufficient confidence. Alternatively, a number of the factors such as the
eftect of engine cycle rematch on fuel flow, thrust, and SFC, the effact of inlet flow distortion on airfiow and fuel
flow, and the difterence between the facility airflow measurement and the referee airflow measurement at RAE(P)
were not incorporated in the final assessment because while the magnitudes were large enough to affact the
assessment of interfacility differences, the confidence which which the vaiues could be established was judged to
be too low. Remaining factors, e.g.the undefined anomalies at test condition 8 at CEPr and test condition 9 at
AEDC, and the fuel system difficuities encountered at several facilities could not be resolved by analysis.

Two additional factors, engine infet turbulence and boattail force, were carelully assessed during the detailed
analysis and interpretation of the facility-to-facility differences. However, neither of these factors is listed in Fig. 13
for two very different reasons.

In the case of the engine iniet turbulence, the measurement approach defined in the General Test Plan (Rel.
1) did not permit sufficient characterization of turbulence levels between facilities to determine if the different
turbulence levels created a change in performance (Section 12.2-Ref 2.)

On the other hand, the boattail force measurements prescribed in the General Test Plan provided high-quality
measurements of these forces. These measurements showed that the boattail force for the UETP test
gonliguralions was less than 0.1 percent of the net thrust level and was, therefore, insignificant (Section 12.3-Pef.

).

A comrilalion of the performance of all four altitude test facilities is shown in Fig. 14. The results of both
methods of acilgxdpenonnance determination, i.e., (1) the fraction of the population of all data which was within a
2-percent band (2) the minimum and maximum facility-to-tacility differences for all test conditions at one power
sefting are shown for each of the six sets of engine pertormance parameters. The final analysis of the population
distribution of all the data showed that 85 to 95 percent was within the 2-percent band. The maximum facility-to-
facility performance differences at the mid-thrust range of the engine were generaily 3 percent or less.

LIST OF REFERENCES

1. Subcommittee 01, AGARD Propulsion and Energetics Panel, Working Group 15, "Unitorm Engine Testing
Program General Test Plan,” June 1983, (Revi edition).

2. Ashwood, P. F., principal zJthor, and Mitchell, J. G., editor, "The Uniform Engine Test Programme-Report of
PEP WG15,” AGARD Advisory Report No. 248, February 1990.




72 = 288 K: RPR = 1.30 (REF. FIG. 9-2A)

T

.63 P2 = 51.7 kPa
0
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cz! 0.61 == ( Test Facility ﬂ
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0.80 ; o | 0= USA/AEDC -
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0.50 3 ’7/2 -3 L rance T B
O= Britain/RAE(P)
0.58 -+ . t
8420 2600 8300 9000 9200 9400
NHRD, rpm
NOTE:
- NLONH DECREASING IN ORDER OF TESTS [NASA, AEDC, RAE (P)]
- REPEAT SCANS NOT VISIBLE OR ALONG CHARACTERISTIC (NASA, AEDC)
- REPEAT SCANS VISIBLE AND NOT ALONG CHARACTERISTIC (CEPr)
- SINGLE SCANS ONLY [(RAE (P)}
- DIFFERENCES PROBABLY CAUSED BY BIASES
- 99% OF DATA WITHIN 2% BAND
Figure 1. Typical rotor speed ratio results.
A NLQNH VS. NHRD AT MID-THRUST VALUE
82.71.00/T2 P2/1.30/288 82.7/F 288
| T2 A% I | © P2 % ] [ RPR A%
1 253 0.5 6 82.7 04 3 1.00 0.5°
2 268 0.7 7 51.7 0.7 5 1.06 08
3 288 05* 8 345 0.8 6 1.30 04
4 308 0.7 8 20.7 0.8 10 1.70 0.7

* DATA FROM ONLY 3 FACILITIES

- NO SYSTEMATIC EFFECT OF TEST ENVIRONMENTS

- 0.4% < OBSERVED DIFFERENCE < 0.8%

- SMALLEST DIFFERENCES OF ANY PARAMETER SET

- THERMAL NONEQUILIBRIUM AT CEPr CONTRIBUTION 0 TO -0.3% (RANDOM)
- ENGINE CYCLE RE-MATCH CONTRIBUTION - 0.3% (SYSTEMATIC)

- 0.04% < DIFFERENCE W/0 CEPr < 0.6%

Figure 2. Differences in engine rotor speed ratio.




P2 = 82.7 kPa: RPR = 1.00 (REF. FiG. 9-1B)
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12 ! + !
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P7Q2
NOTE:
- T7Q2 NEUTRAL OR INCREASING IN ORDER OF TESTS [NASA, AEDC, RAE (P
- PROBABLE P7 ERROR 2% LOW-INFLUENCE COEFFICIENT 0.6 (CEPr)
- REPEAT SCAN NOT VISIBLE (NASA, AEDC, CEPr)
- 98% OF DATA WITHIN 2% BAND
Figure 3. Typical engine temperature ratio results.
A T7Q2 VS. P7Q2 AT MID-THRUST VALUE
82.7/1.00/T2 P2/1.30/288 82.7/RPR/288
TC T2 % J [ P2 % TC RPR A%
1 253 20 6 82.7 1.2 3 1.00 15°*
2 268 2.0 7 51.7 13 § 1.06 1.2°
3 288 1.5 8 M5 0.7 6 1.30 1.2
4 308 1.5 a 207 06 10 1.70 1.5*

* DATA FROM ONLY 3 FACILITIES

- POSSIBLE SYSTEMATIC EFFECT OF INCREASING T2 AND DECREASING P2
- 0.6% < OBSERVED DIFFERENCE < 2.0%
- ENGINE CYCLE REMATCH CONTRIBUTION +0.3% (SYSTEMATIC)

- P7 MEASUREMENT 2% LOW AT CEPr (INFLUENCE COEFF. ~ 0.6) CONTRIBUTION +1.2%

- 0.3% < DIFFERENCE W/0 CEPr < 1.3%

Figure 4. Differences in engine temperature ratio.
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P2 = 82.7 kPa; T2 = 288 K (REF. FIG. 9-30)
[
aoJr——-n- Ratio = 1.06
= 55
; Tent lhcuity
g 50 O = USA/NASA
N /F = L O« USA/AEDC
-—+— %
m N Z° A~ France/CEPT  _|
9 O = Britain/RAE(P)
’ 4100 4900 8100 5300 $500 5700 8900
NLRD, rpm
NOTE:
- WATRD NASA HIGHEST AND RAE(P) LOWEST
- REPEAT SCANS NOT VISIBLE OR ALONG CHARACTERISTIC (NASA, AEDC, CEPr)
- 88% OF DATA WITHIN 2% OF BAND
Figure 5. Typical engine airflow resuits.
A WAIRD VS. NLRD AT MID-THRUST VALUE
82.7/1.00/12 P2/1.30/288 82.7/RPR/288
T T2 o || P2 M RPR A%
1 253 26 6 82.7 1.6 3 1.00 1.3
2 268 2.9 7 51.7 1.5 5 1.06 22
3 288 1.3* 8 U5 3.6 6 1.30 16
4 308 20 9 207 22 10 1.70 16

* DATA FROM ONLY 3 FACILITIES

- PROBABLE SYSTEMATIC EFFECT OF DECREASING P2

- 1.3% < OBSERVED DIFFERENCE < 3.6%

- UNEXPLAINED ANOMALY IN WATRD AND NLRD DATA FROM CEPr AT TEST CONDITION 8
- INLET FLOW DISTORTION (TIP) CONTRIBUTION PROBABLY +0.5 TO +1%

- WAI1RD AT RAE(P) LESS THAN WA2RD (REFEREE) BY - 1%

- 1.3% < DIFFERENCE W/0 CEPr TC8 < 2.9%

Figure 6. Differences in engine airflow.
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P2 = 82.7 kPa: T2 = 288 K (REF. FIG. 9-3D)

T

4
800 %u

5.2%) ‘/ Test Facility

600 -

O = USA/NASA

WFRD, g/sec

800 A Q= USA/AEDC -

Al i 73

400 oy L5

A= France/CEPr

<= Br!.ul.nllAll(P)
i

8300 8000 8700 8900 0100 9300 9500
NHRD, rpm

NOTE:
- WFRD DECREASING IN ORDER OF TESTS [NASA, AEDC, RAE(P)]
- REPEAT SCANS NOT VISIBLE OR ALONG CHARACTERISTIC (NASA, AEDC)
- REPEAT SCANS VISIBLE AND NOT ALONG CHARACTERISTIC (CEPr)
- SINGLE SCANS ONLY [RAE(P)]
- 63% OF DATA WITHIN 2% BAND (85% W/0 CEPr)

Figure 7. Typical engine fuel flow resuits.

A WFRD VS. NHRD AT MID-THRUST VALUE

82.7/1.00/T2 P2/1.30/288 82.7/RPR/288
[ TC T2 A% r 1C P2 A% TC RPR A% J

1.00 4.3*
1.06 5.2
1.30 38
1.70 5.1

253 46
268 5.5
288 43°
308 53

827 38
517 5.0
34.5 40
20.7 4.1

WM =
-X- -
Soow

* DATA FROM ONLY 3 FACILITIES

- NO SYSTEMATIC EFFECT OF TEST ENVIRONMENTS

- 3.8% < OBSERVED DIFFERENCE < 5.5%

- THERMAL NONEQUILIBRIUM AT CEPr CONTRIBUTION 0 TO 2.5% (RANDOM)

- ENGINE CYCLE REMATCH CONTRIBUTION +0.5% (SYSTEMATIC)

- INLET FLOW DISTORTION (TiP) CONTRIBUTION PROBABLY +0.5 TO 1%

- WFERD (REFEREE) NOT OBTAINED AT RAE (P)

- FUEL PROPERTIES ANALYSIS (SPEC. GRAV., HEAT VALUE) CONTRIBUTION 0.04% TO 0.35%
- 1.0% < DIFFERENCE W/0 CEPr < 3.0%

Figure 8. Differences in engine fuel flow.
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T2 = 288 K; RPR = 1.30 (REF. FIG. 9-2E)

- il
/ -
28.0+——— P2 = 82.7 kPa <
ot
2 o
a 200 < Test Pacility ]
o V
£ / #/A E - O = USA/NASA
L
5.0 < 0= USA/ABDC
A= France/CEPT
O™ Britain/BAE(P)
10.0 ﬁl !
[¥) 1.8 1.7 1.8 1.9 2.0 E N 2.2 2.3 2.4
P7Q2
NOTE:

- FNRD TIGHTLY CLUSTERED [NASA, AEDG, RAE(P)]
- PROBABLE P7 ERROR 2% LOW INFLUENCE COEFFICIENT 2.0 (CEPr)
- REPEAT SCANS NOT VISIBLE (NASA, AEDC, CEPr)
- 69% OF DATA WITHIN 2% BAND (92% W/0 CEPY)

Figure 9. Typical engine net thrust results.

A FNRD VS. P7Q2 AT MID-THRUST VALUE

82.711.00T2 P2 30/288 82.7/RPR/288

TC 7 A% [ 1 P2 A% c RPR A% J
1 253 34 6 827 4 3 1.00 39°

2 268 11 7 51.7 54 5 106 38°

3 288 39° 8 us 46 6 1.30 41

4 308 50 9 207 43 10 170 45°

* DATA FROM ONLY 3 FACILITIES

- POSSIBLE SYSTEMATIC EFFECT OF INCREASING T2 AND INCREASING RPR
- 3.4% < OBSERVED DIFFERENCE < 5.4%
- P7 MEASUREMENT 2% LOW AT CEPr (INFLUENCE COEFF. ~2) CONTRIBUTION 4%

- ENGINE REMATCH (DETERIORATION) CONTRIBUTION 0 TO -1% TO 0 (SYSTEMATIC)
- FLOW DISTORTION (TIP) AT ENGINE INLET CONTRIBUTION PROBABLY 0
- AEDC 3% LOWER THAN OTHER 3 FACILITIES AT TEST CONDITION 9 - CAUSE NOT DETERMINED
- 0.3% < DIFFERENCE W/0 CEPr < 3.3%

Figure 10. Differences in engine net thrust.




P2 = 82.7 kPa; RPR = 1.00 (REF. FIG. 9-1F)

2.0
23.0 T2 = 268 X
22% Zal
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& s
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18.0 !
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NOTE:
- SFCRD NASA HIGHEST AND AEDC LOWEST
- MANY REPEAT SCANS VISIBLE
- FNRD COMMON IN BOTH DEPENDENT AND INDEPENDENT VARIABLES
- 89% OF DATA WITHIN 2% BAND
Figure 11. Typical engine specific fuel consumption results.
A SFCRD VS. FNRD AT MID-THRUST VALUE
82.7/1.00/T2 P2/1.30/288 82.7/RPR/288
T T2 M P2 o || e RPR o |
1 253 24 6 827 1.9 3 1.00 1.7
2 268 22 7 517 14 5 1.06 23
3 288 1.7 8 345 0.9 6 1.30 1.9
4 308 20 9 207 21 10 1.70 1.5

* DATA FROM ONLY 3 FACILITIES

- NO SYSTEMATIC EFFECTS OF TEST ENVIRONMENTS

- 0.9% < OBSERVED DIFFERENCE < 2.4%

- ENGINE REMATCH (DETERIORATION) CONTRIBUTION 0 TO ~+1%

- FLOW DISTORTION (TIP) AT ENGINE INLET CONTRIBUTION PROBABLY 0

- AEDC HIGHER THAN OTHER FACILITIES AT TEST CONDITION 9 - CAUSE NOT DETERMINED
- THERMAL NONEQUILIBRIUM AT CEPr CONTRIBUTION ~0 (FORTUITOUS J-57 SPECIFIC)

- 0.9% < DIFFERENCES < 2.4%

Figure 12. Differences in engine specific fuel consumption.
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ENGINE FACTORS INCORPORATED IN FACTORS NOT INCORPORATED IN
PARAMETER FINAL ASSESSMENT (%) FINAL ASSESSMENT (%)
NLONH {2) THERMAL NONEQUILIBRIUM CEPr (s-0.3) (2) ENGINE CYCLE REMATCH (-0.3)
VS. NHRD
1702 {2) P7 MEASUREMENT CEPr (2 X 06IC = 1.2) (a) ENGINE CYCLE REMATCH (+0.3)
vs. P02
WAIRD {s) INLET FLOW DISTORTION (TIP) (-+0.5 10 1.0)
VS. NLRD {b) WATRD < WA2RD (REFEREE) RAE (P) (-1.0)
(c) UNDEFINED ANOMALY IN WATRD, NLAD CEPrTCS
WFRD () THERMAL NONEQUILIBRIUM CEPr (0 TO -2.5) (3} ENGINE CYCLE REMATCH (+0.5}
VS. NHRD {b) INLET FLOW DISTORTION (TI) (~+0.5 Y0 1.0)
{c) FUEL PROPERTIES ANALYSIS (<0.4)
(d) FUEL SYSTEM DIFFICULTIES (DATA NONRECOVER )
FNRD () P7 MEASUREMENT CEPr (2 X 21C = 4) (2) ENGINE CYCLE REMATCH (0 70 -1 T0 0}
Vs, PT02 (b) INLET FLOW DISTORTION (TIP){ ~+0.5 T0 1.0)
{c) UNDEFINED ANOMALY IN FNRD AEDC TC9
SFCRD (a) NONE {a) ENGINE CYCLE AEMATCH (0 T0 +1.0)
VS. FNRD

Figure 13. Assessments of interfacility differences.

REFERENCE TABLE 18-1

ENGINE PARAMETER OVERALL PERCENTAGE SPREAD DATA WITHIN 2-PERCENT
(INDEPENDENT VARIABLE) AT MID-THRUST (WITHOUT CEPr) BAND , PERCENT (WITHOUT CEPr)

NLONH 047008 9

(NHRD) (0.04 T0 0.6)

a2 061020 %

(P702) 03701.3)

WAIRD 137036 ]

(NLRD) (137029)

WERD 387055 [

(NHRD) (1.0703.0) (85)

FNRD 347054 69

(P702) 0.3703.3) 92)

SFCRO 097024 89

(FNRD) (097024)

Figure 14. Summary of differences between altitude facilities.




COMPARISON OF GROUND-LEVEL TEST CELLS
AND GROUND-LEVEL TO ALTITUDE TEST CELLS

by
D.M. Rudniteki
Section Head
Engine Laboratory
National Research Council Canada
Ottawa, Ont. K1A OR6
CANADA

SUMMARY

The Uniform Engine Test Program was set up to examine gas turbine test procedures, inst i hniques and data reducti
methods employed by engine test facilities in several AGARD countries.

Two major classes of facilities participated, altitude and ground-level test beds. Two engines were to be operated in the test facilities,
but as the program evolved, only one engine was tested in all the altitude facilities, and the other in the ground-level beds, with some
overlap bet Thus the perf had to be laid out with three specific comparison objectives:

1) altitude with altitude
2) ground-level with ground-level
3) ground-level with altitude

The previous fecture dealt with objective one, data
three.

of altitude with altitude. This lecture will dea! with objectives two and

Steady-state performance of a J57-P-19 turbojet engine was evaluated in four ground-level test beds, three of them enclosed: NRCC,
CEPr, and TUAF, and an open-air test bed at NAPC. Detailed inter-facility pari were made on the three basic engine parameters,
airflow, net thrust, and specific fuel consumption, and reasons sought for any differences.

Objective three was to compare data taken in an altitude facility to those obtained in a ground-level test bed. As not all facilities tested
both engines in the round-robin, engine SN 807594 was used for aftitude to dtnudo and altitude to ground-level, and engine 615037 for
g d-level bed pasi AEDC was the only aftitude faciiity capable of op at level-static conditions for both engines, which
provided a direct parison of the validity of the normalizing oqumions. CEPr tested one engine in both a ground-level bed and in their
altitude facility. Significant data scatter and biases in the CEPr data made meaningful comparisons of dubious value, reducing the size of
the database.

A summary of percentage differences for the three basic performance parameters evaluated at approximately the mid-thrust level is
shown below.

Engine Independent Inter-facility Spread % |  Inter-facility spread - %
parameter variable ground-levet ground-level/altitude

FNR? P7Q2 07 25) 5.1 3.0)2

sFcR? FNR 1.8 3.0)! 28

WAIR NLR 1.9 4.02 28

NOTES: 1) Bracketed values inciude TUAF data
2) Bracketed value excludes CEPr (Alt) data
3) NRCC values for thrust approximately 1% low

In evaluting NAPC data, it was discovered that the thrust i d for enclosed test beds was not correctly defined by
the GTP equati NRCC d their data, which demonstrated m-t gross thrust was low by approxi ly 1.0%. Therefore any
parameter for NRCC containing thrust will be low.

Once account Is taken for the known anomalies, the inter-facility data agreement falls within the declared inty
bands.

LIST OF SYMBOLS

AEDC Arnold Engineering Development Center

CEPr Centre d'Essals des Propulseurs

FNR Net Thrust Corrected 1o Sea-Level Conditions, kN

QTP General Test Plan

NAPC Naval Air Propulalon Centre

NASA National ftics and Space A Lewis R h Center

NHR High Pressure Compressor Rotor Speed Corrected to Sea-Level Conditions, rom
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NLQNH Ratio of Low F [o to High Py Rotor Speed:
NLR Low Pressure CommuolMSpoodCWnclodto Son-uvol Conditions, rpm
NRCC National Research Council of Canada

P2 Engine Inlet Total Pressure, kPa

P7 Exhaust Nozzie infet Total Pressure, kPs

P7Q2 Ratio of Exhaust Noxzie inlet to Engine Inlet Total Pressure

PAMB Static Pressure at Exhaucl Nozzie Em Plane kPa

RAE(P) Royal A Py

RPR Ram Pluun Ratio

SFCR Specific Fuel Consumption Corrected to Sea-Level Conditions, gikN-sec

SLS Sea-Lave! Static Conditions (101 kPa, 1.0 RPR, 288 K)

T2 Engine Intet Total Temperature, K

17 Exhaust Nozzle Infet Total Temperaturs, K

T7Q2 Ratio of Exhaust Nozzie inlet to Engine Iniet Total Temperature

TC Test Condition

TUAF Turkish Air Force Supply and Maintenance Centre

UETP AGARD-PEP Uniform Engine Test Program

WAIR Facility Airflow Corrected to Sea-Level Conditions, kgl/sec

WFER Relsrence Fuel Mass Fiow Corrected to Sea-Level Condivons, gisec

WFR Facility Fuel Mass Flow Corrected to Sea-Level Conditions, glsec

1 INTRODUCTION

The previous lecture dealt with the observed differences of engine perfi p btained in four altitude facilities, NASA
LeRC, AEDC, RAE(P), and CEPr. Ten test conditions were specified that varied iniet temp , T2, inlet p , P2, and ram pressure
ratio, RPR. An additional test condition, sea-level-static, was requested, but only one altitude facility, AEDC, was capable of operation at
this pomt The GTP (Ref. 1) apocmod that both J57 engines were to be tested at all facilities, be it altitude or ground-level. Due to

| and pi not all agencies were able to fulfil this requirement: one engine, SN 607594, completed tha rounds
in tht altitude hclmbs and the other SN 615037, in the ground-level test facilities. Thus came the problem of addressing the altitude to

d-level test bed pari it was decided that ri of altitude cells would be based on data from engine 607594, ground-
lwd beds based on data from engine 615031 and ground-hval with altitude using engine 607594. This latter comparison was included
as there has been evid that the p of an engine measured in an altitude cell at conditions close to ground-level can ditfer

from that measured on a ground-lovol test bed. One agency, CEPT, tested engine 607584 in both an altitude tank and on a ground-level
tost bed.

Six sets of engine perf . were d to assess the differences in ail the facilities. These were:

NLONH ve. NHR WA1R vs. NLR FNR vs. P7Q2

T7Q2 ve. PTQ2 WFR vs. NHR SFCR vs. FNR

The data presented for ground-level facilities are cormrected to standard day conditions, whereas the altitude data are cofrected to
desired conditions. For data comparison between the facility types, the desired condition becomes sea-level-static, com&mm\mththe
squations in Ref. 2. None of the ground-level beds had environmental control, thus testing was ducted st the prevaili
eondmomdbmpovm pressure and humidity. With the exception of CEPr, whlehopomodbmaenm<'r2<zes|(monqunrod

p did not introd! any additional srrors (Section 16.3 of Rel. 2).

The engine pef ipe were developed by fming d order, poly ial curve fits of the data points from
each 'aclmy To quantiy lnw-hemty diff for the p ol the i spread of each dependent parametes
dasap of the median vaiue) was c-k;ulnod at lpproxlmdoly the mid-thrust point. The magnitude of the spreads shown

w«o derived lrom hbumod data.

There are two sections for this data pari First, the ground-level facilities will be discussed, then second, the ground-ievel to
sititude.

2 Ground-Level Facliity Comparisons

Comparisons of the ground-level bads are based on data from engine 615037 acquired at NRCC, CEPr and TUAF, with comparable
dsta obisined st the AEDC altitude facility at SLS conditions included for reference.

The data show the same general trends (curve slopes similar) and, with the exception of the TUAF data, are in moderately good
agreement. Mnmuwm.wmmmrm"moﬁommmmmdoﬁndmhomm.oﬁmhclmm-umodpmbmy

due to the lack of empirical jons for this particular engine type. The TUAF test stand is . ‘esigned for pre- and p: rhaut testing
dm'ym«omwmlnhﬂwwm dmmmmhn«mdmm ooucomcﬂonhcﬁonmunonvdhbh in sddition,

g of data i d the inty. The UETP results are not theref: P ive of TUAF
hcuitycapnbmty Therefore, the TUAF data have not been included when calculating the p ge spreads b facilities, but they

wre included in the dlecussions which follow.

Mmmdwmummmw 2), the deta from the only outdoar stand, NAPC, were not available for consideration in the
lysis by NRCC and NAPC, ummmdm.rm‘hdmmoumweuhﬂonpmdumm
wwumzwnmmmmmm btained using st d methods. Ref should be made to

Appendix Vil of Ref. 2 for a di ion of the ink of envi mmhmmmvﬁdﬂmﬂm-qrwmwhd
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The graphical rison in Section 3.5 and values quoted in Sections 18.3.5 and 18.3.6 of Ref. 2 do not contain the environmental
comcﬁom andmordou.houldbcvlcwodwuhuuﬂon In this lecture, the figures from Appendix Vili of Ret. 2 will be used, as they include
the NAPC data. For consistency with Section 9 of Ref. 2, the data are based on the equations in the GTP.

2.1 Rotor Speed Ratlo

Rotor speed ratio as a function of corrected high rotor speed for the four grourki-level facilities and one altitude facility is displayed
as Figure 1. The curve shapes are all similar and show a maximum spread of 1.5%, bounded by TUAF at the top and CEPr at the bottom.
Without TUAF data, the spread drops to 0.4-0.5%, which is similar to that observed in the altitude facilities.

A reason for this large shift in TUAF rotor speed ratio may be due to an expected distortion at the p inlet, caused
by the close proximity of the hcimy vertical inlet to the engine face. As the detailed p were not ded in TUAF,
this hypothesis cannot be confi

As in the altitude case, CEPr shows a significant separation between the points from the two data scans at each power setting. This
separation indicates that the engine had not reached thermal equilibrium (see Section 18.2.1 of Ref. 2), and could account for these and
other differences.

The NAPC data lie slightly above the CEPr values but below those of NRCC and AEDC which show very good agreement. It was
shown that therma! stability was a problem at CEP!. however this was not the case at NAPC. The diflerence of 0.4 % is just within the
uncertainty limits of NHR. H , given that sy tic cycle h could t for about a 0.3% change, the remaining difference
is well within the measuremant uncertainty (0.2 - 1.6%).

2.2 Temperature Ratio

The engine pump h isti P ratio versus pressure ratio is shown in Figure 2. The maximum spread of 1.1%
{2.5% including TUAF) is Im than that mn in the altitude facility comparisons (1.5 - 2.0% at unity ram ratio). TUAF data are not directly
comparable due to the limited sampling at Station 7. (See Section 4.4 of Ref. 2).

Values of T7Q2 measured -t CEPr and AEDC agree within 0.5%. The difference between NRCC and AEDC or CEPr is most likely

d by the method of puting T7 from point measurements. At NRCC, a large numbor of thermocouples progressively became
unserviceable during the course oﬂho test. Asthep dure for g for unserviceabl ples in a highly non-homogeneous
flow field was not the same st all facilities {(see Appondix Vi of Ref. 2), lho derived T7 could be significantly different.

The addition of NAPC data created two distinct gvoupa CEPr with AEDC and NRCC with NAPC. The reason given for NRCC deviation
was the treatment accorded to failed T7 i The d ination of P7 st NAPC was not in accordance with the test plan as onty
two of m. four rakes were used. Given that the pressure profile was highly h , any parigon using NAPC data is not
valid. , the diff of 1.1% bet the tacilities were well within the unceminly bcnd (0.9 - 1.8%).

2.3 Airflow

Corrected engine airflow (WA1R) measured by the facility, as afunction of cted | rotor speed, is presented
as Figure 3. The spread at the mid-thrust point was 1.8% (4.8% with TUAF). The highest value of WATR was oblained from TUAF, the lowest
from NRCC. AEDC values wers in close agreement with CEPr and lie about mid-way between the two extremes. it should be noted that
for purp of this parison, the ref value of airflow (WA2R) measured at TUAF was inserted as WATR, as a facility measurement
for airflow was not available.

The analysis p d in Section 14.4 of Ref. 2 through the use of flow functions, clearly d d that AEDC had consistently
good agi {0.5%) b the two air metering locations, WA1R and WA2R. CEPr had a difference of approximately 1.3%, and NRCC
2.0%, which was attributed to a known measurement problem at Station 1.0 (WA1R). Based on the fiow functions, and the data in Figure
3, tcan be inferred that the airflow measured at AEDC must have been reasonably close to the true value. NRCC confirmed that their airflow
was between 1.0 and 1.5% low because of difficulty in determining the discharge coefficient.

The NAPC WAIR data deviated in shape from the other facilities, especially at the A possibi lanation for the unique
shape of the NAPC data may lie in the short inlet section which results in sharp Suﬂon 1.0 pressure profiles as a lunctnon of engine power
setting. Wind gusts also contributed to the problem as both the magnitude and direction changed throughout the test sequance, introducing
additional errors.

Discounting TUAF and NRCC values dus to defined problems, the
measurement uncertainty (0.8 - 1.5%).

Q t is better than 0.5%, well within the estimated

2.4 Fuel Flow

Corrected engine fuel flow (WFR), as a function of corrected high rotor speed is presented in Figure 4. The performance trends
measured by all four facilities are consistent, but exhibit significant differences in level. At a given value of NHR the maximum spread is
3.5% (8% with TUAF). The CEPr data exhibited a considerable degree of scatter probably caused by engine thermal instability. The
sgresment between NRCC and AEDC was 1.0 - 1.3%, and between NRC and NAPC 0 - 0.5%, depending upon the power setting.

The parison b the ref: sngine d meters and the facility fuel measurements, is dealt with in Section 15 of Ret.
2. It was shown that the ag bety the two systems was very good, 0.3 - 0.6% for AEDC and NRCC, and 1.0% for CEPr. TUAF
did not have a facility fuel flow measurement.

E ion of fuel properties, lowsr heating value and specific gravity added an additionai difference of up to 0.35% (Appendix Vil of
Fel. 2). There were also some cycle remasich effects as seen in Figure 1. Considering these effects, and that the deciared measurement
uncertainty ranged from 0.9 - 2.5%, this agreement is quite good.
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2.5 Net Thrust

Corrected net thrust as a function of engine pressure ratio (P7Q2) Is displayed as Figure 5. Discounting NAPC data, the maximum
spread is 0.7% {2.5% with TUAF) which is considerably less than the 3 to 4% seen in the altitude facilities at a ram ratio of unity. There are
no discernable effects of inlet ismatch from dard conditions (T2 = 288 K). NAPC data for P7 were not valid as

P

measurements from only two of the four pressure rakes were recorded.

ln splto of this good agreement, there were known problems in the sampling of P7, as swirl effects and failed or leaky probes

inty of the P7 Studies of gross thrust using nozzle coefficients and PS7 in Section 13 of

Ref. 2, more clonviy upnntod outthe m:llity thrust measurements. Comparing nozzle coefficients, the spread increased from 0.7% to aimost
2.0%, bounded by AEDC at the high end, and NRCC at the bottom. The main reason for this increase was in the definition of ambient

pressure in an enclosed cell, and in the meth ‘lorust ting. Details of the i dure are in A dix Vil of Ref. 2.
For the UETP, the effect of redefining the thrust g in the NRCC facility was to Incramnenhrustbydmon1 .0%.

With the known inadequacies in the g d-leve! thrust data and P7 pari of FNR against P7Q2 are not
considered valid.

2.8 Specific Fuel Consumption

Corrected fuel consumption (SFCR) as a function of cofrected net thrust (FNR) is shown in Figure 6. The performance trends from
all facilities were consistent (curve slopes similar) except for data from TUAF which indicate a decreasing SFCR level with increasing FNR,
crossing the other facility curves at the higher thrust levels. The spread in SFCR at FNR = 33 kN was 1.8% bounded by NRCC and AEDC
(3.0% with TUAF).

The SFCR data for NAPC exhibited a very large degree of scatter, in some cases up to 1.3% for back-to-back points. Again, it appears
that the wind gusts affected the scale force thrust be altering the inlet tum and the bbing drag on the test bed. With such scatter
it is difficult to compare using curve fits, but the actual data points are still bounded by those obtained at AEDC and NRCC. The spread
of data between AEDC and NRCC (1.8%) is just within the declared uncertainty band.

The problems with defining FNR In the previous section sffects the SFCR calculation. Using the revised FNR, the difference in the
SFCR spread between NRCC and AEDC has been reduced from 1.8 to 1.2% (Figure 7), and from 1.0 t0 0.3% between NRCC and NAPC.
This agreement is considered very good.

2.7 Summary of Ground-Level Facllity Differences

Engine SN 615037 was tested at four ground-level facilities, one of them an open-air test bed, and at an altitude facility operated at

SLS conditions. The comparisons in the UETP were originally conducted without the benefit of the open-air bed data from NAPC, but

subsequent inclusion did not alter the differences. (n fact, the data were crucial to rationalizing the discrepancies in the thrust accounting
hodology in the enciosed ground-lavel facilities.

The figures in this lecture, extracted from Appendix VIl of Ref. 2, were used as they incorporated the NAPC data. There are some

diff in the px ge spread puted for Appendix Vil P "tothouquotodlnSochonQand1eoiRd2 Those listed in
this paper and Appendix Viii are to be taken as correct, for they were sy y puted for all the g d-tevel {acilities based on
second-order curve fits of declared data. The tabuiated results, with tions i P d, are displayed as Figure 8. As a reference,

the estimated uncertainty band is listed for sach parameter.

Ing |, the data ag is quite good. Known anomalies have been identified, and when duly considered, virtually all data
agree within the declared uncertainty limits.

3 Ground-Level/Altitude Facility Comparisons

The ground-level to altitude facility comparisons are based on data from Engine 807504 acquired at NASA, AEDC, RAE(P), CEPr and
NRCC. With the exception of NASA, ali the altitude facility data related to an inlet temp of 288 K. B: Test Condition 3 (TC 3)
for Engine 607504 was omitted by NASA due to a restricted test window, TC 4 (308 K) was substituted. In view of this difference and the
uncorhin m.grmudoof its effect on the levels of the parameters considered, the NASA data were disregarded when eval

p } ALY misrepresentation of facility test capability, the NASA data were included in the facility compurbom

The data from all aftitude facilities, except AEDC, required use of the UETP equations to adjust the data from the as-tested inlet pressure
of 82.7 kPa 1o the standard ses-lovel value of 101.3 kPa. While these adjustments could introd discrepancies {see Secti 13 and 16
of Ret. 2) it was judged that the discrepancies would be negligibly smail at the high pressure condition,

in Section 2.0 of this pnpor data from engine SN 615037, obtained at the AEDC altitude facility operating at sea-level-static conditions,
were Included in the P of g d-lovel facilities. It was shown that if all identified anomalies were accounted for, the overall
agreement was very good.

pared AEDC capabilities for engine 815037, ancth ( ity was d for engine 607594,
As well as AEDC, data from two edditional altitude facilities were available, CEPr and RAE(P) ull opouﬂnngCS (82.7 kPa, 1.00 RPR,
288 K). AEDC siso obtained data at SLS conditions, TC 11, and in this comparison, both data sets were used to assess the suitability of
the normalization equations provided in the GTP. CEPr tested the same engine in the altitude facillty at TC 3, and ln & ground-level test
bed st TC 11. These data will be di d, as they p d en opportunity for a direct 'in-h ' p of
procedures.

in the figures that follow, dmmmAEDCTCSuonoumn they witl however be used in the discussion where relevant. NASA TC 4
data are Hi d, but are not included in ing the p tage deta spread.
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Ret. 2 does not provide a direct parison of AEDC TC 3 and TC 11. Since altitude to ground-level test bed data are normalized
trom TC 3 to TC 11, it must be d: ted that the equations are valid. Figure 9 lllustrates the percentage difference of each parameter
pair using AEDC TC 11 measurements as the datum. Values for the p pairs were puted at approximately the mid-thrust point

using second-order polynomial fitted data, as provided by NASA.
3.1 Rotor Speed Ratio

Rotor speed ratio, presented as Figure 10, shows a spread similar to that observed in the ground-level comparison in Section 2.1.
Again, a very significant scatter in CEPr data was observed In both facilities, and is attributed to inadequate thermal stabilization of the
engine. Agresment for AEDC between the two test conditions is within 0.25%, inside the declared measurement uncertainly band. With
the exception of CEPr TC 3, both ground-level facilities were fower than the altitude ones. The overall spread, including CEPr data is 0.5%.

3.2 Temperature Ratlo
Temperature ratio as a function of pressure ratio, Figure 11, is bounded at the high end by CEPr TC 3 and at the low end by NRCC.

CEPr, again with significant data scatter, has a difference of 1.3% between their two facilities, wh AEDC d d a 0.4% bias
between the two test conditions. In both CEPr and AEDC, the results obtained at TC 11 conditions were lower than those at TC 3.

There were difficulties with both 77 and P7 , a8 dit d in Section 2.2, ting for some of the differences. The
overall spread of 2.3% is relatively large, but the quality of the measurements do not lead 1o credible conclusions.

3.3 Airflow

The airflow spread, 2.8%, is slightly larger than that observed in the previous comparisons (Figure 12). A bias inthe TC 11 data relative
to TC 3 at CEPr (2.0%) puts in question the measurement accuracy at TC 11 (see Figure 9). AEDC showed a difference of 0.4% between
these two conditions, Discounting CEPr TC 11 airflow, the spread reduces to 1.4%. NRCC had problems establishing a flow coefficient,
and consequently declared their airflow as low by about 1.0%. Notwithstanding this problem, the spread between facilities is within the
measurement uncertainty.

3.4 Fuel Flow

Fuel flow as a function of corrected high rotor speed is shown as Figure 13. The indicated spread groups CEPr at the low end and
the remaining facilities, tightly grouped, at the high end. In addition to this bias in excess of 2%, CEPr showed a large degree of data
scatter, putting in doubt the validity of their data. AEDC TC 11, RAE(P) and NRCC agreed to within 0.5%, which is excellent agreement.
AEDC TC 3 was 1% higher than TC 11, but as this difference is within the measurement uncertainty (+1.25%), no further significance is
accorded.

3.5 Net Thrust

Net thrust, Figure 14, exhibits quite a wide spread, up to 5%, bounded on the high side by CEPr, and the low side by NRCC. In
Section 2.5, it was stated that NRCC values are known to be about 1.0% low by using the GTP equations. When proper account is made
for this anomaly, NRCC wouid be about 0.7% lower than AEDC TC 11, which is well within the measurement uncertainty. CEPr consistently
showed variance between TC 11 and TC 3, a difference of up to 2%, the altitude cell indicating high.

3.6 Specific Fuel Consumption

Specific fuel ption plotted against net thrust is displayed as Figure 15. AEDC indicated the lowest SFC, and is in relatively
good agreement for both TC 3 and 11, differing only by the fuel flow p CEPr sh d good ag nt betv TC3and TC 11,
and with AEDC. The high thrust and low fuel flow values ofiset each other to achieve this resuit. NRCC is high as a resutt of the low thrust
discussed in Section 3.5. The differance between AEOC and RAE(P) was attributed to the higher values of thrust &t AEDC, as was discussed
in Section 13 of Ref. 2.

3.7 Summary of Ground-Level and Aftitude Facility Differences

In general, the data show that the highest values of d dent are attributed to altitude facilities, and the lowest to &
ground-level facilty. A comparison of AEDC data at two test condmono did show some conslnent differances, and with the exception of
airflow, TC 11 always indicated a lower value, albeit within the declared ] ur Y.

The CEPr data were surprising in themselves, as there were not only large biases compared to the other test facilities, but also large
biases betv theit own g d-tevel and altitude facility, in most cases overshadowing inter-facility differences.

Zonsidering the known anomalies in NRCC airflow, and the thrust lccounﬂng procoduros, NRCC data compare favourably with the
other test agencies, all parameters being within the declared rtainties.

n

Atable izing the g d-level to altitude differences Is shown as Figure 16, and for
from all the inter-facility comparisons.

Figure 17 generalizes the results
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Ground-Levet Bed Comparison (SLS Conditions) (NRCC, CEPr, TUAF, NAPC, AEDC)*
SN 615037
Engine Parameter Overall Pe fe] Per ge Spread Comments
(Independent Spread at Mid-thrust of Estimated
variable) (with TUAF) Uncertainty
NLQGNH 0.5 0.2t01.6 Spread similar to that in altitude facilities.
(NHR) (1.5)
T7Q2 1.1 08tc1.8 Spread affected by tailure of T7
(P7Q2) {2.5) thermocouples at NRCC
WAIR 1.9 061015 NRCC airflow low by 1 - 1.5%
(NLR) (4.0)
WFR 35 091025 Spread reduced to 1.3% when CEPr values
(NHR) (6.0) removed
FNR 0.7 1.0t023 FNR Incorrectly defined - see Appendix Viil.
(P7Q2) (2.5) NAPC value not included
SFCR 1.8 151038 FNR incorrectly de’ined - see Appendix VIil.
{FNR) {3.0) Agreement to within 1.2%

* Tests in AEQC altitude cell at standard sea-level static conditions included for comparison.

Figure 8 Summary of Ground-Level Bed Differences
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Engine Overall Spread Comments
Parameter at mid-thrust
(independent (Percent)
Variable)
NLQNH 0.5
(NHRD)
T7Q2 23 Spread affected by tailure of T7 thermocouples at NRCC
(P7Q2)
WAIR 25 NRCC alrflow low by 1.0 - 1.5%
(NLRD) CEPr TC 11 In doubt
WFR 34 CEPr has 2.0% bias, remaining facilities in excelient agreement
(NHR)
FNR 5.1 Spread reduced to 3.0% it CEPr (Alt)
(P7Q2) non-equilibrium values removed. NRCC known to be 1% low
SFCR 28 Max spread Is between NRCC (GL) highest and AEDC (Alt) lowest
{FNR)

Figure 16 Ground-level to altitude facility comparisons - SN 607594

Percentage spread in performance parameters at mid-thrust point
Engine parameter NLQNH T7Q2 WATRD WFRD FNRD SFCRD
Independent varlable NHRD P7Q2 NLRD NHRD P7Q2 FNRD
) Altitude facilities 0.4 to 0.6 to 1.3to 38to 3410 0.9 to
SN 607594 0.8 2.0 3.6 5.5 54 24
Englne parameter NLQNH T7Q2 WA1R WFR FNR SFCR
Independent Variable NHR P7Q2 NLR NHR P7Q2 FNR
Ground-level facllities* 0.5 1.1 1.9 35 0.7 1.8
Ground-level facilitiest 1.5 25 4.0 6.0 2.7 3.0
SN 615037
Engine parameter NLQNH T7Q2 WA1IRD WFRD FNRD SFCRD
Independent varlable NHRD P7Q2 NLRD NHRD P7Q2 FNRD
Altitvde and ground-level 0.5 23 25 34 5.1 2.8
facilities
SN 607594

* Excluding TUAF
t Including TUAF

Figure 17 Summary of inter-facllity comparisons
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MEASUREMENT UNCERTAINTY IN GAS TURBINE PERFORMANCE DETERMINATION

J.P.K. Vleghert
National Aerospace Lab (NLR) (rtd)
POB 90502, 1006 BM Amsterdam, NL

SUMMARY

A pre-test estimate of Data Uncertainty shows up weak links in the data chain and serves as a yardstick to
judge whether observed differences in measured data are significant. On the other hand post-test analysis
is essential to identify data validity problems.

The uncertainty estimates are based on the Abernethy concept, which splits total uncertainty in precision
and bias.

With the help of an Error Audit four types of elemental errors are estimated for each of five Basic Physi-
cal Parameters. This errar is then propagated to the Engine Performance Parameters, and from there to the
Target Values on which the comparison is based.

Values for predicted errors are compared between the participating facilities and reasons for discrepancies
are discussed,

Please see note about additional material on p.7-7.
1 INTRODUCTION

For accurate determination of the performance of a gas turbine it is desirable to do a number of measure-
ments, preferably under different conditions. The results should be referred to standard conditions, making
use of thermodynamic relations. Thus the results of different measurements can be compared, If any observed
differences are larger than the previously estimated Data Uncertainty Limits, the measurement process
should be checked for errors. But even if perfect agreement is obtained, the final result may still differ
from the true value; there may be an offset or bias. This may show up if the test is repeated at a later
date or in a different facility. However it is not possible to find out what is the true value; only
whether observed differences are significant. That means the differences are true in so far that either

the gas turbine, or the measurement technique. or both, have altered. A third possibility 1s that the

error estimate was too optimistic: if a larger error is allowed the results could still be compatible.

It is not always possible to rely on previous experience for the estimated Data Uncertainty Limits; the
make-up of data collection and processing can be different, Therefore existing data on uncertainty must be
broken down to basic principles and then reassembled to fit the case under consideration. A pre-test
assessment is important as it will show up weak points in the data collection chain, if there are any. On
the other hand it is essential to conduct a post test analysis to identify possible data validity problems.

The process of estimating uncertainty limits consists of splitting the error in scatter and bias, determi-
ning both for a number of basic physical parameters and propagating the possible errror to the finai
result, Test analysis entails calculating the end results in a number of different ways, using redundant
information from the actual measurement data. By comparing these end results it can be checked whether the
pre-test error estimate covers existing discrepancies, and if not, which parameter is at fault. A prerequi-
site is that obvious mistakes in the data processing must have been corrected or removed.

This report handles the error estimating technique used for the AGARD Uniform Engine Test Program (UETP),
1t gives values for the predicted Uncertainty Limits, and it compares Error Limit Estimates for the diffe-
rent participating facilities. It also gives some of the reasons for discrepancies in these estimates, and
indicates a number of ways in which to check the end results for the post test analysis,

2 METHODOLOGY

Uncertainty estimates are based on the Abernethy concept, which splrter total Uncertainty in two aspects:
precision and bias. Precision, or random variation, scatter, is visible in a single series of experiments
and cen be determined statistically. This error reduces with an increasing number of data points. Bias, or
systematic variation, offset, is constant for a single series of experiments and only shows up when several
series are compared, and then not necessarily to its full extent.

Whether a certain error is called preciston (s) or bias (b) depends on the extent of the experiment, the
Defined Measurement Process (DMP). Calibration scatter reduces to an uncertainty in the calibration curve,
which is a "fossilized" error, a bias, in the further experiment. However it is not the only bias, an
unknown of fset in the master instrument introduces a further bias element, Likewise scatter in any interme-
diate result may transform into a bias element further on in the calculation, There were marked differences
between the facilities in their nomenclature of errors. This does not really matter as long as these
differences are observed consistently throughout the estimation procedure. It does result however in detarl
error estimates not always being comparable.

for the UETP, different DMP's were employed by each of the test facilities to make pre-test error predicti-
ons, assessment and post test analysis. For instance, the RAE(P) DMP covers the uncertainty prediction and
assessment of a single engine performance curve fitted (by least squares) to the test results for the

nine engine power settings at a specified test condition. RAE(P)'s estimated Precision Index is based on
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the predicted data scatter that will occur about a curve fit through the nine power settings. The predicted
Precision Index is then verified by a post test determination using a third order curve fit through the
test data and observing the residual standard deviation about the curve fit. Using the RAE(P) DMP, diffe-
rences between a collection of curves, representing different test conditions and day-to-day variations,
are classified as bias.

In contrast, the DMP used at AEDC for the UETP is based on the results of the overall measurement program
for a given installation. Therefore estimates of the Precision Index at AEDC reflect the variations in the
test results at the mid-thrust point, at a specified test condition for a given measurement system and
test installation. They also include the variations that may result from tests on different days. Only the
differences resulting from different measurement systems are classified as bias.

Precision and bias are kept separate throughout the error estimation procedure, only in the last step they
are combined into a single number, the Error Limit Estimate, This must be a relevant combination of bias
and precision. The latter value is a statistic, which lends itself to the calculation of confidence limits,
within which the actual value can be reasonably expected to lie, in the absence of bias errorc. [t is
however impossible to define a single rigorous statistic for the total error, because bias is an upper
limit, which has unknown characteristics, and is to some extent dependent on engineering judgement. In

fact the bias error can be thought of as the error remaining after corrections from the post test analysis
have been exhausted. A working solution for the Error Limit Estimate (or Uncertainty Interval) 1s given in
Section 3.7

3 UNCERTAINTY PREDICTION PROCEDURE

3.1 DATA SEQUENCE

Basically a single measuring chain stretches from the flow field via probe and connecting line to the
transducer, and from there usually via an electric line-sometimes pre-amplified- to multiplexer, amplifier,
signal conditioner and A/D convertor, to be recorded. This measurement chain varies for each of the Basic
Physical Parameters, which are force, pressure, temperature, pulse rate (giving RPM and fFuel Flow) and
area (giving total force from pressure measurement)

Afterwards the signal is played back, an instrument calibration applied, and often a number of single
measurements are combined to determine a value representative for the flow field, usually by averaging in
space and/or time. These Basic Measurements are then used to calculate the Engine Performance Parameters
(EPP), which are in referred form and constitute the end product of the measurement, e.g, WAIRD = WA
SQRT(T2/288)/(P2/101325)

Each dependent EPP can be given as a function of an independent parameter which can be chosen at will
(usually RPM or EPR). For comparison either within or between facilities i1t 1s necessary to determine a
Target Value of each dependent parameter. This requires an interpolation procedure, as it 1s not possible
to set the exact test condition and engine power.

3.2 ERROR PROPAGATION

Each step in the above-mentioned data sequence contributes to the overall data error in 1ts own specific
way. An overview is given below, each step is detailed in the following sections.

The first step is to assess the elemental errors for a single measurement of each basic physical parameter.
These errors are organized in four categories. Each item should be assessed separately for bias and preci-
sion; total bias and precision is then calculated by Root-Sum-Square (RSS) addition.

Some aspects of the error in the effective flow field value or Basic Measurement are influenced by the
number of single measurements incorporated.

The next step is to propagate the error in each basic measurement to the Engine Perforrmance Parameter.

This is done by multiplying the b and s values by the appropriate Influence Coefficient (IC). The overail
effect on the EPP is found by RSS addition. An important condition to justify RSS combination 1s that each
item must be independent, this is sometimes not the case when there are common calibration errors.

The error in the Target Value again partly depends on the number and disposition of the points used in the
interpolation procedure. This aspect can be given by the Random Error Limit of Curve Fit (RELCF). Another
error element 1s introduced because the Target Value 1s read from a curve at a chosen value of the indepen-
dent variable, which itself is not error-free, This is the Curve Shift effect.Apart from that the Target
Value has its own bias error,

Finally the total Error Limit must be assessed by combining b and s,

3.3 ELEMENTAL ERROR CATEGORIES

The Abernethy/Thompson method described in Ref. 2 details the evaluation of the elemental errors. These
can be grouped in four categories for each measurement chain, However the groups defined in Ref. 2 were
too general in scope for the purpose of a detailed assessment of the facility measuremert uncertainties.
Therefore a separate Error Audit was made up for each basic physical parameter, which lists the errors
expected, but not necessarily in the order or in the subdivision as given in Ref, 2 . An example (for
force) is given in Table 3-1. For the purpose of explanation the categories of Ref. 2 are used in the
underneath overview,

330 CALIBRATION
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Calibration errors are incurred because of hysteresis, drift and sensitivity of the instrument being
calibrated. Also the calibration procedure, curve fit and resolution have an influence. Usually the instru-
ment is calibrated against a Work Standard. the calibration of which should be traced back, ultimately to
the National Standard, in steps via a Laboratory Standard and a Transfer Standard. This is called the
Calibration Hierarchy. In each step the original bias of the less accurate instrument is replaced by the
(smaller) error of the curve fit (see Section 3.6) combined with possible drift in time or due to calibra-
tion conditions {temperature effect) In order to trace these it is advisable to compare a number of cali-
brations done some time apart, say every 6 months,

3.3.2 DATA ACQUISITION

These errors can be caused by slight variations in exciter voltage, outside influences on data transmission
and on the transducer, signal conditioning and recording. This results in non-repeatability. Sensor hyste-~
resis could be allowed for if the measuring history is known, but this is usually not a practical proposi~
tion; anyway with most modern instruments hysteresis is smaltl,

Recording of the output of a single transducer is usually done in a matter of milliseconds or even less.
To prevent aliasing errors, high-frequency components of the signal have to be eliminated by a low-pass
filter, As this introduces some lag, a settling time has to be allowed in the case that a number of probes
is multiplexed on to a single transducer. Usually the tube transient - in the case of multiplexed pressure
channels - can be made negligible by using a low-volume transducer, which is close-coupled to the scanning
valve. Of course overall faster sampling is possible if each channel is allocated to a separate transducer.
The scatter of any single measured point can be reduced by taking a number of readings during a dwell and
averaging the result.

3.3.3 DATA REDUCTION

Resolution errors and calibration curve fit errors can usually be made negligible, compared with the other
categories. As an error of half the biggest error elsewhere only contributes 10 % to the overall error
when added RSS, it is not effective to use extreme resolution in the computational hardware and software.
Calibration curve fit errors can be minimized by choosing the appropriate functional relationship, quali-
fied by visual and numerical inspection. When a higher than second order curve fit is used, it is important
that the calibration points are spaced evenly, otherwise the densely populated part may introduce a cali-
bration bias in the sparsely populated part.

3.3.4 OTHER EFFECTS

These do rot quite fit in with the above-named categories and are referred to by different names, such as
Non-Instru.ent effects, Sensor System errors, Errors of Method, etc. In general they are concerned with
the intera:tion between the medium and the measuring chain. They are usually difficult to separate, and
unfortunately often rather large. Examples are the sensitivity of pressure probes and hole patterns to
flow angle, and the variability of pressure- and temperature patterns over the cross section of the flow.
A possible error of method is constituted by the assumption that static pressure is constant over the
parallel section of the flow area in the engine inlet.

The mechanics of the thrust stand can introduce bias and/or precision errors in the thrust stand zero. The
transducer zero can be checked mid-run by taking up the load separately, but the thrust stand zerc can
only be checked in quiescent conditions, and then may be different from the value during the run, Pre-test
and post-test zero are different, and it is usually assumed - but without true justification - that the
test zero lies in between.

fuel flow measuring errors can occur because of the longitudinal vortices induced by the flow turning a
corner (Beltrami flow); these vortices can be difficult to suppress.

3.4 BASIC MEASUREMENT ERROR

The precision component of the basic measurement error will be reduced with a larger number of sampling
locations; generally with a factor equal to SQRT n, where n is the number of locations. The bias error is
not influenced by n, however, and the pattern variation can introduce extra bias. This variation can be
reduced with an aperiodic sample, where the number of sampling locations is chosen deliberately different
from the natural pattern in the flow, as for instance exists behind the burners in the combustion chamber,
Often reproduceability of the pattern is more important than a true thermodynamic average. This however
mcy result in unrealistic values for efficiencies or nozzle factors.

Failure of any probe in a multi-probe sensor system can alter the effective average value. A procedure was
used to interpolate between neighbouring probes. but this does not eliminate the error,

3.5 ENGINE PERFORMANCE PARAMETERS

The General Test Plan (Ref.1) gives the standard equations used to calculate engine performance parameters
from the basic measurements. The influence of an error in any basic measurement on the outcome can be
determi.ned either by Taylor series expansion or numerically by perturbating the equation for a difference
in that parameter, keeping all other parameters constant at their nominal value. The latter method 1s
preferred because it accounts for implicit as well as explicit functional relationships. The resulting
Influence Coefficient is expressed as the percentage varistion of the calculated EPP for a one percent
deviation of a single input parameter [

Influence Coefficient IC = (deltaEPP /EPP)/(deltal /I)

For small perturbations non-linearity effects will be insignificant, but the value of IC w111 vary over
the operating range. Biss and precision of the EPP can be determined by adding the product IC * (deltal
/1) for all relevant input parameters by RSS addition, separately for b and s. An example is given in
table 3-1. Since the [C depends on hardware installaticn and measurement configuration, direct comparison
between facilities is not possible.




74

3.6 TARGET VALUE

The Target Value of an EPP must be read from a correlation against the chosen independent variable (usually
RPM or EPR) at a chosen value of that variable. Usually this is done for each test condition, which - for
the case of UETP - consists of nine power settings, One aspect of the error in the EPP Target Value is
given by the Random Error Limit of Curve Fit (RELCF), which is calculated from the Residual Standard
Deviation (RSD) - also called Standard Error of Estimate (SEE)- of the points relative to a curve, fitted
by the method of least squares. In calculating RELCF account is taken of the number of points and their
longitudinal distribution; in so far that mid-curve the error is smaller than towards the ends. RELCF
reduces with approximately SQRT (n). The principle of the method is detailed in Ref,17

RELCF only takes account of the scatter during the one test condition; also precision errors may exist
which cause the other test conditions to deviate, and apart from that there may be bias errors. These were
evaluated separately in the previous section; in a different way by some facilities.

Any uncertainty in the chosen dependent variable translates into a Jiscrepancy deltaEPP of the Target
Value, even though it has no effect on the individual EPP values. This Curve Shift effect depends on the
curve slope, as is illustrated in Fig 3-1. In the case that a singl: error source influences both the
dependent- and the independent parameter (like temperature influence on airflow and referred RPM) the
Curve Shift error must not be calculated separately and added RSS as the errors are dependent. Instead a
resultant error must be calculated in which the direct and the indirect (via curve shift) effects of the
error source are added algebraically, This error contribution must be substituted for the original simple
temperature error in the RSS error estimate for airflow.

An example for airflow is given underneath, with the functional relationship:

WA* = f(N¥)
with the shorthand notation WA* = WA V T_[A %P
N =N/ VT
dWA/WA = dWA*/WA* + dA/A + dP/P - 1/2 dT/T

in which dWA*/WA* = df(N*)/dN* * dN*/N*
and dN*/N¥ = dN/N - 1/2 dT/T

with the curve slope factor (WAN®) = df(N*)/dN* = dWA*/WA* / dN*/N*
it follows that dWA/WA = dA/A +dP/P + dN/N * (WAN*) - 1/2 dT/T (1 + (WAN*))

The latter factor must be substituted for the simple contribution of temperature error if no curve shift
is considered. The influence of the curve shift effect for the above case is additive for a temperature
error; for fuel flow it is subtractive because the relation for that case is given by:

WF* = WF / P * VT = f(N2*)

The curve shift effect can quite easily be dominant because the curve slope effect is large: it is about 3
for the case of airflow and 7 to 8 for fuel flow.

3.7 UNCERTAINTY INTERVAL

It was mentioned before, that a single rigorous statistic for the total error limit or Uncertainty Interval
cannot be given. Usually the more or less arbitrary standard of bias plus a multiple of the precision
index is used:

U=%(B +t95 *S)
in which t95 is the 95th percentile point for the two-tailed Student's "t" distribution, defining the
Timits within which 95% of the points are expected to lie in the absence of bias errors. If the predicted
S is determined from a large number of points (n 30) the value t95 = 2.0 can be taken; Monte Carlo
simulations have shown that the coverage of U is about 99% (Ref. 16). The average Target Value of 10 test
conditions numbers 9 degrees of freedom, for which case the t35 = 2.26, The Target Values for a certain
EPP must be within a band of £ U for all test conditions. If this is not the case either a data error
exists or an important aspect of the uncertainty estimate has been overlooked.

An alternative for the value of the Uncertainty Inte;va] is: N

U = £ SORT({ B® + (t95 * S)7)
The coverage of this value is 95%, therefore it 15 indicated by U95. In the case of RAE(P), S was estimated
to be the scatter from which RELCF for the EPP is calculated. This is a small value; both values of U are
similar and nearly equal to their B. This is not the case for the other facilities, because their definiti-
on of B and S is different, as are the numerical values. The resulting Uncertainty Interval should be
compatible with the RAE(P) value.

4 TESTING PROCEDURE
4.1 INSTRUMENTATION

Referee instrumentation, consisting of inlet rakes and a modified tailpipe with rakes, developed by the
first participant (NASA LeRC), is detailed in Ref, 1, This instrumentation system travelled with the
engines, but each participant used its own transducers (except for engine fuel flow) and recording system,
Apart from the referee instrumentation, each participant used its standard test cell instrumentation to
determine engine performance. including separate fuel flow meters and an instrumented thrust stand. [tems
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like inlet conditions and air mass flow were thus measured double, allowing cross checks to be made, c.q.
flow coefficients to be evaluated. AEDC used a choked venturi in its facility determination of air mass
flow, which was deemed to be more accurate because of the higher pressure differentials involved.

Most participants used electronic absolute pressure gauges, except RAE(P) which employed differential
gauges relative to a high-accuracy barometer, This system is more accurate at near-atmospheric pressure,
but less so at the high-altitude condition, as then the differential pressure is large. The depression in
the airmeter throat is measured differentially, with an absolute transducer as back-up.

For elevated temperatures thermocouples were used; for lower temperatures also resistance probes. Details
are given in the facility reports: Ref. 5 to 11

Fuel flow was generally measured with turbine<type volume-flow transducers with separate fuel temperature
measurement to calculate density. Only RAE(P) used displacement meters for the facility measurements,
which were reported to be more accurate.

4.2 SCANNING SYSTEMS

Most facilities used a combination of sequential scanning and multiplexing; the latter usually for the
individual probes in a rake. Mostly meckianical scanning was used for pressure, where a number of pressure
lines are connected in sequenc to a single transducer. This resulted in cycle times of 20 seconds for NASA,
who used low volume transducers, 1 minute for AEDC with more accurate larger volume transducers, which
required longer stabilisation, and 6 minutes for NRCC, who used only a few transducers., one for each
pressure range,

RAE(P) used electronic scanning for the UETP, with separate transducers for each tapping (sometimes two
per tap). This allows 2 scanning cycle to be completed in 5 seconds. A measuring point then consists of a
number of scanning cycles, with a check for consistency. Also NASA used electronic scanning in its repeat
test. Different scanning systems are illustrated in Fig 4-1

TuAF employed manual registration, with pressure taps manifolded to water manometers. Their cycle time was
around 6 minutes; the readings were™igitized manually for further processing on a computer.

Testing procedure consisted of setting the engine power, allowing 4 minutes for the engine to stabilize,
record a performance point, and a repeat point two minutes later, With the longer recording times these
two points were taken back-to- back.

4,3 CALIBRATION, DATA CHECK

Calibration was done at least once a day. In some cases the scanning cycle included a number of calibration
points, that were also measured by a Work Standard; in this way an on-line calibration check can be effec~
ted. This is not possible with electronic scanning, but the system can be calibrated between tests: at
NASA on command or automatically every 20 minutes, by switching all transducers over to a calibration
manifold (see Fig 4-1)

Calibration point anomalies or data consistency checks can be used to trigger an alarm 1f set tolerances
are exceeded. This allows the test operator to break off the test for closer scrutinity, which saves
getting doubtful data. This can be carried as far as celculating the RELCF value on-line for some Engine
Performance Parameters, and repeating points which appear . be outliers. Analysis must be carried out
off-line: outliers must only be deleted if a good technical reason can be found; they could indicate a
shortcoming in the instrumentation or even in the set-up of the experiment, or a omalies in the test
article,

4.4 TRANSDUCER ERROR VARIATION

Instrument manufacturers brochures usually give a guaranteed error limit at Full Scale Output (FSO), which
is assumed constant in absolute value over the whole range. This constant absolute error model results in
a pessimistic estimate of uncertainty at the low end of the measuring range. NASA used this model, but
with their own experimentally found value for the FSO error for each transducer type.

AEDC used the constant percent error model, with the error specified at 10 percent FSO. from zero to 107
FSO a constant absolute value was assumed for the error, This model results in a pessimistic estimate at
the top end of the range, see fig 4-2

RAE(P) used the linear error model, in which the error is determined at both zerc input and at FSO. It is
then assumed to vary linearly between these values. This gives the closest representation of the measure-
ment error over the total range. but it somewhat overestimates the error at the low end. Typically the
absolute value of their zero error is in the order of 20% of that at FSO.

5 UNCERTAINTY ESTIMATES
5.1 INTRODUCTION, ERROR AUDIT

At the start of the UETP, bias and precision error estimates in airflow, net thrust and SFC were calculated
by the different facilities. An interim review showed large variations, To try and solve these an Error
Audit was put together, which detailed the errors in the measuring system for the basic physical parame-
ters (Ref. 3) ATl facilities have used this Error Audit in their final Uncertainty Assessment, but not
necessarily in all its detail, Depending on local practice, errors were grouped differently, with the
result that it is not possible to give average vesults for the separate categories mentioned in Section
3.3 This is for instance the case with an end-to-end calibration.

Also the allocation of bias and precision errors differed between facilities. Hysteresis errors were
typically classed by NRCC and RAE(P) as bias and by AEDC and NASA as precision. Another example is the
error from repeated application of the calibration pressure standard to the pressure measurement system.
RAE(P) classified this type of error as bias, NASA as precision, and AEDC as part bias and part precision.
This reflects the differences in calibration procedure and error assessment, specifically those in the
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Defined Measurement Process, indicated in Section 2. The Uncertainty Interval U =+(B + 2*S) generally
agreed within one percentage point for all facilities.

5.2 BASIC MEASUREMENTS

The errors in the basic measurements are given for three typical test conditions, taken as TC 3 and TC 9
for the Altitude Test Facilities (ATF) and TC 11 for the Ground Level Test Beds. These represent design
inlet pressures of 82,7, 20.7 and 101.3 kPa respectively, or 12,0, 3.0 and 14.7 psi. The variation in
temperature and in ram pressure ratio did not result in significant variation of error, therefore only
different pressure levels have been considered. Fig 5-1 summarizes the RSS of the elemental errors for

each of the basic measurements, split up in bias and twice the precision for each of the facilities. Due

to the difference in DMP, NASA and AEDC generally attribute a larger portion of the total error to precisi-
on than did CEPr and RAE(P). The value of the percentage range of the estimated Uncertainty Interval is
summarized in the table underneath:

RPM P2 T2 WF FS
TC3 .02-.5 .1-.5 .3-.6 .2-1.1 .3- .7
TC9 .02-.5 .3-1.2 .3-.4 .5-1.6 .6-3.0
TCc1 .02-.5 .2~ .3 .3-.8 .4- .6 .4- .5

There is one item in which the difference in estimated error is significantly more than the one percent
quoted in 5.1 and that is the Scale Force (FS). Fig 5-1 shows that this s mainly due to AEDC gquoting a
Tow value for their error at altitude.

5.3 ENGINE PERFORMANCE PARAMETERS

The errors for the EPP's NRD (referred RPM, either NH or NL), the speed ratio NLONH, the Engine Pressure
Ratio EPR = P7Q2, the temperature ratio 77Q2, referred airflow WAIRD, referred fuel flow WFRD, referred
net thrust FNRD and referred Specific Fuel Consumption SFCRD, are given in Fig 5-2 for the Target Value
(i.e. about mid-range of the power settings) and for the same conditions as indicated in the previous
section. The Uncertainty Limits are summarized in the table below:

NRD NLQNH P7Q2 T7Q2 WAIRD WFRD FNRD SFCRD
TC3 .16-.55  .02-.7 -7 .3-.6 .6- .8 .4-1.3 5-1.2 0 L6-17
€9 .2 -.5 .02-.7 .5-1.1 .3-.6 .8-2.6 L4-1.7 1,6-3,2 2.1-35

TC11 .4-.7 .1-.8 .2-.3 .5-.9 .3-.7 4-1.1 .5-.6 g-12

These errors are quoted exclusive of curve shift errors, as these vary with the independent parameter, and
therefore can only be given in combination. In Fig 5-3 the differences in the end results for the ATF's

are compared with two different Uncertainty Intervals determined from the above table. One is the Estimated
Maximum Logical Uncertainty Interval, determined from the sum of the lTargest value and the largest but

one; this seemed more logical than twice the largest value. The other is the Median; that is the middle
value, which is not influenced by a possible extreme estimate, as would be the average.

Fig 5-3 shows that for Airflow the estimated uncertainties agree very well with the differences actually
found. For SFC the uncertainty estimate seems a bit pessimistic. For three out of four ATF's the Net Thrust
error estimate is very pessimistic; the result for the fourth ATF evidently contains an error, which has
not yet been found. The expected increase with altitude in net thrust error is borne out in practice. This
is not the case with SFC.

6 TEST DATA ANALYSIS
6.1 PREPARATIONS

Test data analysis is not necessarily carried out post-test. To begin with, all computer processing must
be checked out thoroughly before the test, including the application of calibrations and the equations for
calculation of the average flow field values and the performance parameters, "¢ nu-t be checked that the
correct calibrations are applied and possible calibration check points must be monitored. These remarks
seem self-evident, but it is surprising how many errors were found in the end results due to simple over-
sights in these basic matters, especially for a non-standard program, as UETP was to some extent.

6.2 VALIDATION OF SINGLE RESULTS

Usually anomalies in calibration check points and in data compatibility- if more than one scan is used to
average a point- are flagged, and analysed later, unless a drastic error occurs, At RAE(P) the measured
performance parameters were correlated with referred RPM and the RELCF determined on-line to be able to
repeat a point if an outlier occurs, while engine, facility and instrumentation are still running. Fig 6-1
gives these RELCF values for a)) ten test conditions; it shows the expected increase with altitude for the
net thrust values and also that for TC 5 the variation is more than the expected value. This TC 5 was run
on different days; plotting the separate points shows that these line up on two curves, which show an
offset at low thrust, probably due to day-to-day variation in the calibration (Fig. 6-2) To show up diffe-
rences not the absolute value is plotted, but the difference with the straight line connecting the end
points of the first curve. It does not matter what reference is taken, as long as it is the same one for
all points to be compared.

The large RELCF for TC 1 could not be traced.
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Post-test calculation of RELCF for the other facilities showed overall large values for CEPr. It transpired
that in this case shorter stabilisation times were used for the engine, Fig 6-3 shows that not only the
scatter between points is larger, but that marked differences occur between the first and second data

scan, with an overall offset. This was not expected, as the engine power setting was deliberately chosen

to alternate between approach from below and from above. The differences were not correlated with this
approach direction.

6.3 VALIDATION USING FTDUNDANT INFORMATION

1t has been mentioned before that comparison of results from the different test conditions is often possi-
ble in referred form, This can be done within the facility. For thrust it must be taken into account that
referred values for different intake pressure (simulated altitude) may decrease with intake pressure due
to Reynold's effect. A similar result would obtain, however, if there is a constant absolute error in the
thrust indication. For the case of UETP, where 1ntake pressure differed by a factor four, a 1% error at
high intake pressure then results in a 47 error at altitude, with a systematic variation in-between. To
determine whether this is Reynold's effect or measuring error, the thrust coefficient can be calculated.
CG = measured thrust / calculated thrust
in which the gross thrust is measured with the test stand, corrected for inlet momentum, and calculated
from the total pressure in the jet pipe. This value is practically independent of Reynold's effect: any
systematic variation therefore indicates a measuring error.
Most performance parameters can be correlated against different independent variables; measuring accuracy
and curve shift effect will determine the preferrable correlation with the least scatter. Fig 6-4 shows a
number of possibilities in a schematic of data flow. Some values could be calculated which should be
constant for the relevant engine, (at least part-range) like the turbine flow function, or show only small
variation (like CG), thereby eliminating the curve shift effect.

6.4 VALIDATION BETWEEN FACILITIES

A useful exercise to compare data from different facilities is to collect them in a data envelope. The
shape of this envelope does not reflect the data accuracy. It must not be confused with the confidence
limit, which is narrow where a lot of data is available and wide if there is little data, while the shape
of the data envelope is the opposite. However if the envelope shrinks with the use of another independent
parameter, this is definitely an indication of better accuracy. Fig 6-5 shows that for each test condition
the points correlate well (RELCF =.15 to .35%) but that between test conditions a random spread exists.
For a single facility the bandwidth of 1.4Z of thrust coefficient vs NPR based on total pressure shrinks
to 1.07 if static pressure is used. Also the overall picture for all facilities improves and test conditi-
ons with deviating accuracy can be indicated. This 1s for instance the case with TC 9 at CEPr where an
instrument failure occurred and the less accurate back-up instrument had to be used (Fig. 6-6 and 6-7)
Reading the results at one value of the independent parameter, the confidence limit of the average value
can be calculated. For the above case with bandwidth 1.47 the standard deviation of CG values is RMS =
.48% The degrees of freedom number 9, resulting in t95 = 2,26 and

SE = t95 * RMS / SQRT n = .37
1f the average values from different faci1lities differ mo: 2 than this Standard Error, both groups do not
belong to the same population, i.e. there are bias elements at work. In this way data can be judged without
pre-test estimates for the accuracy, although of course analysis requires detailed estimates to be ahlo to
find a likely culprit.

The Conclusions, References, tables and figures will all be found in AG-307 or AR-248, as listed below.

L5 169 AG- 307
Conclusions = p-18
References = p-19
Table 3-1 = Table 3-1A ; p-20
Table 3-2 = Table 5-1A and 5-18 ; p-27
Fig 3-1 = Fig 3.1 ; p-34
Fig 4-1 = Fig 4.1 ; p-34
fig 4-2 = Fig 6.2 ; p-37
Fig 5-1 = fFig 5.4 ; p-36
Fig 5-2 = Fig 5.5 ; p-36
Fig 5-3 = fig 6.7 ; p-39
Fig 6-1 = fig 6.3 ; p-37
Fig 6-2 = fig 6.4 ; p-37
Fig 6-3 = Fig 6.6 ; p-38
Fig 6-4 = Fig 6.1 ; p-37

AR- 248

Fig 6-5 v Fig.13-1 ; p-54
Fig 6-6 = [ig.13-2 ; p-54
Fig 6-7 = Fig.13-3 : p-55
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EXPERIENCE IN DEVELOPING AN IMPROVED DESIGN OF EXPERIMENT
(LESSONS LEARNED)
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SUMMARY

The design of the experiment for the AGARD PEP Uniform Engine Test Program was a highly successfu!
effort. The plan and organization for this program included contemporary recording of lessons learned regarding
improvements to the design of the UETP experiment.

Nine major lessons learned were identitied which provide the opportunity for improvements in the design of
experiments for future programs having a scope and complexity similar to the UETP. These lessons learned were
spread across the seven key technical elements of the experiment as follows:

ELEMENT LESSON LEARNED
Test Article Validated Engine Math Model
Matrix of Variables Engine Performance Tracking
Experimental Measurements Reteree Tailpipe Measurements
Ergine Inlet Turbulence
Test Method Compressor Inlet Flow Distortion
Engine Thermal Stabilization
Test Data Processing Lapse Characteristics for Engine Performance
Measurement Uncertainty Defined Measurement Process
Reporting Data Comparison Stralegies

In addition, one lesson learned related to the management of major, round-robin programs.

LIST OF SYMBOLS

NASA National Aeronautics and Space Administration
NRCC National Research Council of Canada

RAE(P) Royal Aerospace Establishment Pyestock
UETP AGARD-PEP Uniform Engine Test Program

1.0 INTRODUCTION

The UETP was a pioneering effort in the design of the experiment for this major, multi-national t- st program.
The experiment was designed 10 provide information which could be used to quantity the similarites and
ditferences in performance measurement capabilities of various turbine engine test facilities located within the
NATO countries. As with any engineering undertaking of this magnitude, there is much to be learned from a
critical examination of the strengths and weaknesses of the engineering processes used in the conduct of this
program. This lecture tocuses on the design ot the UETP experiment. Subsequent lectures in this senes will
tocus on other aspects of this program.

The learning opportunities in the UETP were especially large in area of design of experiments because nc
existing publications which defined experiments of tRe scope and complexity of the UETP could be located.
Therefore, this design effort did not have a documented information base to serve as a starting point for the
evolution of the design.

To take full advantage of this unique opportunity to advance the state of the arnt of design of experiments, the
chairman of AGARD-PEP Working Group 15 established a plan for contemporary recording of the "lessons
learned,” i.e., what worked well and what needed improvement, during this effort. This plan was in ettect from very
near the beginning of the UETP to its completion.

All aspects of this design are documented in Rel. 1. Those areas of the design needing improvement were
noted as they were discovered in tho course of the planning, testing, analysis, and reporting phases of the UETP.
This leclure focuses only on these improvement areas, and as such, it provides a compilation of those "lessons
learned.” This compilation, when used in conjunction with Ref. 1, provides a basis for improved design of future
experiments having the acope and complexity of the UETP.




The seven major elements or building blocks of the UETP experiment are (Ref. Section 1.0 - Lecture 2):

Selection of Test Articles

. Specification of Matrix Variables

. identification of Experimental Measurements
. Definition of Test Methodology

. Specitication of Test Data Processing
Definition of Measurement Uncertainty

. Content of Reports

NOOAWN

This UETP lessons learned discussion will include an eighth element, as follows:
8. Management of Round-Robin Experiments

The details of the UETP experiment are documented in Ref. 1. Summaries of many of the strengths of the
design of this experiment and of the improvements needed are included in Section 19 of Ref. 2.

2.0 IMPROVEMENTS IN DESIGN OF UETP EXPERIMENT

The lessons learned relative to needed improvements in the UETP experiments are discussed for all seven
major technical elements and for one program management element in the followm% sections. items which are not
discussed in the following sections generally met the needs and objectives of the UETP in a satisfactory manner.

At the conclusion of each section, a subjective assessment is provided of the importance of each
improvement to the success of a future application similar to the UETP. The importance levels used are (1)
desirable, (2) necessary, and (3) mandatory where “desirable” connotes only small gains in the quality of the
experimental results and “mandatory” indicates that the program resuits will be severely compromised unless the
improvement is incorporated. Some of these assessments are strongly influenced by the basic characteristics of
the test engine and power control system as noted in each section.

2.1 Seiection of Test Article

Availability of a validated mathematical model of the steady-state performance of the engine was not
identified as a requirement of the UETP engine selection process (Section 3-Ref. 2). In tact, no such model
existed for the selected J57-PW-19W. The key requirement is for a “validated” code. Several models for similar
J57 engines did exist, but none had been validated to establish the quantitative relationship between the model
performance and the actual engine performance at the means and extremes of the populations of production and
overhauled engines within the ranges of the UETP test conditions.

As was learned during the analysis phase of the program, the diagnostics of some of the observed
differences in engine performance between facilities (a.g., ettect of unplanned variations in ram pressure ratio and
engine inlet temperature) were not possible because no validated engine math model was available. Further, in
some cases where the diagnosis could be made, the lack of an engine model reduced the confidence in the
results. In one very important area, i.e., comparison of altitude test facility performance and ground-level test
facility performance, the lack of a model increased the uncertainty of the comparative results.

The availability of a validated math model of the engine should be a primary requirement in future engine
selections. This new requirement ranges from "desirable” for an engine and control system having configuration
and logic similar to the J57 up to "mandatory” for engines and control systems using multiple variable geometries
and control logics.

The lesson learned relative to "Validated Engine Math Model” is summarized in Fig. 1.
2.2 Matrix of Variables

The General Test Plan (Ref. 1) required that engine performance changes during the lifetime of the UETP be
established by conducting the first tests and the last tests in the same test facility and measuring the overall
change in performance. This plan was later revised to include bookkeeping engine performance changes that
occurred at each facility. This bookkeeping was accomplished by having each facility conduct a repeat test at the
~ompletion of testing at the same test conditions as were used at the start of its test program. Neither of these
approaches was successful because the engine performance changes were smaller than the errors of the facility
measurement systems. Finally, during the analysis phase of the program a third method was developed. This
method was based on the referee diagnostic measurements (Section 2.3 - Lecture 2) at operating conditions which
minimized the precision errors (Section 11. -Ref 2).

As was learned during this analysis effort, the selected methods of tracking changes in engine performance
with time were very labor intensive and yielded results with poor precision.

In future test programs, a portion of the test matrix at each facility should be dedicated to tracking engine
performance. Referee measurement systems, not just referee sensors, should de used for such lrack'::?. Finally,
the test conditions should be selected to provide minimum precision of measurements. This improved approach
ranges from "necessary” for an engine and control system similar to the J-57 up to "mandatory” for seif-adaptive
engine control systems.

The lesson learned relative to "Engine Performance Tracking” is summarized in Fig. 1.
23 Experimental Measurements
Difficuities in obfaining accurate values of tailpipe referee conditions (especially total pressure) were

anticipated during the UETP planning. The test engines were modified and special instru aTays were
in in an attempt to obtain reliable tailpipe mnegasuremonts (Section 4 - Ref. 2). The degree of di in
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making these measurements was, however, underestimated, and unreliable measurements of tailpipe total
pressure resulted. (Section 14.3 and 18.2.2-Ref.2).

In future programs, additional analysis and/or experiments should be conducted before the official testing
begins to confirm that the tailpipe sensors exhibit litle or no sensitivity to small changes in engine operaling
conditions. installation of tlow-mixing devices or flow-straightening systems upstream of the measurement planes
might be required to achieve the desired insensitivity to changes in engine operation. An improved design is
"necessary” for all configurations.

The lesson learned relative to "Referee Tailpipe Measurements” is summarized in Fig. 2.

Characterization of the turbulence in the engine inlet airflow at each test installation was a requirement for the
UETP (Section 4-Ref. 2). However, the referee instrumentation requirements and the data processing
requirements were inadequate, and a usable characterization of turbulence at each facility was not obtained
(Section 12.2-Rel. 2).

An improved approach to characterize engine inlet turbulence should be developed for future programs.
These improvements are rated as "desirable” for all configurations.

The lesson learned relative to "Engine Inlet Turbulence” is summarized in Fig. 2.
24 Test Methodology

Different approaches were used by the various agencies to design the aerodynamics of the air supply
systems upstream of the facility/engine inlet interface. As a result a wide range of inlet distortion (total pressure
profiles) was produced at the compressor inlet (Section 12 and 17 - Ref. 2).

For future programs improved definition of the aerodynamic conditions at the facility/engine inlet interface is
warranted. Improved definition of compressor inlet flow distortion limits is evaluated as "necessary” for ali
configurations.

The lesson learned relative to "Compressor Inlet Flow Distortion” is summarized in Fig. 3.

Rather simple elapsed time criteria were specified in the General Test Plan (Section 8.4-Ref. 1) to provide for
thermal stabilization of the engine and test facility before steady-state data were acquired. The prescribed
approach was validated during the first test entry at NASA and was reverified at RAE(P) and NRCC (Section 12-
Ref. 2). However, thermal nonequilibrium effects were present in some data (Section 18.2.1 and 18.2.2 - Ref. 2).

An improved specification of test stabilization criteria is needed for future test programs. This improvement
ranges from "necessary” for an engine and control system similar to the J-57 up to "mandatory” for engine
controls employing closed-loop engine temperature control.

The lesson learned relative to "Engine Thermal Stabilization” is summarized in Fig. 3.

25 Test Data Processing

The General Test Plan (Ref.1) required that the measured engine performance be corrected (referred) to the
desired test conditions using the traditional performance generalization parameters. These techniques did not
provide the desired level of precision because of the basic limitations of the method (Section 16-Ref. 2).

For future test programs, validated values of the infiuence coefficients for the effects of inlet temperature
(temperature lapse) and ram pressure ratio should be specified for the adjustment of test data to desired
conditions. These validated values can be obtained from measured data or from validated engine math models.
This improved specification ranges from "necessary” for an engine and control system similar to the J57 up to
"mandatory” for a multi-variable engine and control system.

The lesson learned relative to "Lapse Characteristics for Engine Performance” is summarized in Fig. 4.
2.6 MEASUREMENT UNCERTAINTY

Initial efforts to determine the measurement uncertainty at each test agency revealed that the definition of the
methodology specified in the General Test Plan (Ref. 1) was incomplete. A special sub-group was formed to
complete the definition of the methodology (Lecture 7 and Ref. 3). The sub-group completed this work on a timety
basis, the most important contributions were in the areas of the elemental error audit and the Defined
M srement Proc (DMP). The DMP encompasses the overall procedure, including calibration, etc., to
arrive at a desired test result using a specified installation (Ref 3).

An improved specification of the methodology 1o be used to estimate pretest measurement uncertainties and
to determine posttest measurement uncertainties is needed for future programs. The improvements should be
focused in the areas of elemental error audits and Defined Measurement Processes. The improved specification
is rated as "necessary” for all configurations.

The lesson learned relative to "Defined Measurement Process” is summarized in Fig. 4.
2.7 REPORTING

The data comparison strategies to be used for UETP were not identified in the General Test Plan (Ret. 1).
Rather, these strategies were evolved during the analysis phase of the program. This evolution was very labor
intensive and substantially prolonged the analysis effort.

For future programs, a predetermined plan for data comparison should be hcog‘pomed into the design of the
experiment. This improvement in the design of the experiment is rated as "desirable™ for all configurations.

s,
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The lesson learned relative to "Data Comparison Strategies” is summarized in Fig. 5.
2.8 Management of Round-Robin Experiments

Throughout the lifetime of AGARD-PEP Working Group 15, all decigions were made and all directions were
established during plenary sessions of the Working Group. This conservative management style was compietely
approgpriate for the UETP because of the uniqueness of this program.

Building on the foundation provided by the UETP, future programs could be managed more efficiently if the
Working Group chartered and empowered an executive steering group to make decisions and provide directions in
defi areas. This smaller group could be more responsive in addressing many technical details. The executive
steering group would provide a double benefit to the program by first providing more timely decisions/directions in
designaled areas, and second, by reducing the detailed technical workload at the plenary sessions, thus permitting
the Working Group to address more aftectively major programmatic matters. This management change is
"desirable” for all programs having the scope and complexity and, now, the maturity of the UETP.

The lesson learned relative to "Executive Steering Group” is summarized in Fig.5.
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* TEST ARTICLE: VALIDATED ENGINE MATH MODEL

- UETP EXPERIENCE
(a) INCREASED DIFFICULTY/REDUCED CONFIDENCE - DIAGNOSTICS OF INTERFACILITY A'S
(b) INCREASED UNCERTAINTY - COMPARISON OF ATF'S AND GLTF'S

- LESSON LEARNED
INCLUDE ENGINE MATH MODEL AS PRIMARY REQUIREMENT IN ENGINE SELECTION

- APPLICATION:
DESIRABLE - SIMPLE ENGINE /CONTROL
MANQATQRY - MULTI-VARIABLE ENGINE/CONTROL

« MATRIX OF VARIABLES: ENGINE PERFORMANCE TRACKING
- UETP EXPERIENCE
LABOR INTENSIVE, POOR PRECISION - ENGINE PERFORMANCE TRACKING
- LESSONS LEARNED
REQUIRE TEST MATRIX AT EACH FACILITY - USE REFEREE MEAS. SYS.
- APPLICATION:
NECESSARY - SIMPLE ENGINE/CONTROL
MANDATORY - SELF-ADAPTIVE ENGINE CONTROL

Figure 1. Lessons learned, test article and matrix of variables.

» EXPERIMENTAL MEASUREMENTS: REFEREE TAILPIPE MEASUREMENTS
- UETP EXPERIENCE
UNRELIABLE MEASUREMENT OF TAILPIPE REFEREE CONDITIONS
- LESSON LEARNED
SELECT REFEREE TAILPIPE SENSORS WITH REDUCED SENSITIVITY
- APPLICATION:
MNECESSARY - ALL CONFIGURATIONS

+ EXPERIMENTAL MEASUREMENTS: ENGINE INLET TURBULENCE
- UETP EXPERIENCE
INADEQUATE CHARACTERIZATION - ENGINE INLET DYNAMIC PRESSURE
- LESSON LEARNED
IMPROVE SPECIFICATION OF DYNAMIC MEASUREMENT REQUIREMENTS
- APPLICATION:
DESIRABLE - ALL CONFIGURATIONS

Figure 2. Laessons learned, experimental measurements.
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« TEST METHOD (INSTALLATION): COMPRESSOQR INLET FLOW DISTORTION
- UETP EXPERIENCE
WIDE RANGE OF INLET FLOW DISTORTION
- LESSON LEARNED
IMPROVE DEFINITION OF AERODYNAMIC CONDITIONS AT ENGINE INLET/INTERFACE
- APPLICATION:
NECESSARY - ALL CONFIGURATIONS

* TEST METHOD (OPERATION): ENGINE THERMAL STABILIZATION

- UETP EXPERIENCE

THERMAL NONEQUILIBRIUM EFFECTS PRESENT IN SOME DATA
- LESSON LEARNED

IMPROVE SPECIFICATION OF TEST STABILITY CRITERIA
- APPLICATION:

NECESSARY - SIMPLE ENGINE/CONTROL

MANDATORY: CLOSED-LOOP ENGINE TEMPERATURE CONTROL

Figure 3. Lessons learned, test method.

* TEST DATA PROCESSING: LAPSE CHARACTERISTIC FOR ENGINE PERFORMANCE
- UETP EXPERIENCE

POOR PRECISION - REFERRED ENGINE PERFORMANCE GENERALIZATION
- LESSON LEARNED

REQUIRE USE OF MEASURED LAPSE CHARACTERISTICS TO ADJUST PERFORMANCE
- APPLICATION:

NECESSARY - SIMPLE ENGINE/CONTROL

MANDATORY - MULTI-VARIABLE ENGINE CONTROL

* MEASUREMENT UNCERTAINTY: DEFINED MEASUREMENT PROCESS (DMP)
- UETP EXPERIENCE

INADEQUATE SPECIFICATION OF DMP, E£.G., ELEMENTAL ERROR AUDIT
- LESSON LEARNED

IMPROVE SPECIFICATION OF UNCERTAINTY METHODOLOGY
- APPLICATION:

NECESSARY - ALL CONFIGURATIONS

Figure 4. Lessons learned, test data processing and measurement uncertainty.

* REPORTING:
- UETP EXPERIENCE
DATA COMFARISON STRATEGIES EVOLVED DURING ANALYSIS
- LESSON LEARNED
INCORPORATE PRE-DETERMINED PLAN FOR DATA COMPARISON
- APPLICATION:
DESIRABLE - ALL CONFIGURATIONS

* PROGRAM MANAGEMENT: EXECUTIVE STEERING GROUP
- UETP EXPERIENCE
DIRECTIONS/DECISIONS BY COMMITTEE OF THE WHOLE
- LESSON LEARNED
CHARTER AND EMPOWER AN EXECUTIVE STEERING GROUP
- APPLICATION:
DESIRABLE - ALL CONFIGURATIONS

Figure 5. Lessons learned, reporting and program management.
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AGARD LECTURE SERIES 169
UNIFORM ENGINE TEST PROGRAINNE

EXPERIENCE IN DEVELOPING AN INPROVED ALTITUDE TEST CAPABILITY

A. R. Osborn
Propulsion Department
Royal Aerosp Establ ish
Pyestock, Farnborough, Hents GUY4 OLS, England

Copyright (C) Controller HMSO London 1990

Each test site benefitted in different ways from perticipating in the UETP, not least from observing how other
test sites approached the testing, through participating in the Working Group discussions on procedures and
wethods of analysis.

A review of the lessons learnt by the participents during the altitude testing of the UETP has been carried out
and » strategy proposed for an improved altitude test capability. Many of the good practices proposed for a
better test capability are based on experience found to be succeasful at RAE, Pyestock, in the UK.

1 INTRODUCT 10N

The objectives, typical results and the technical difficulties experienced in the UETP have been extensively
explained in preceding lectures. By this stage, the reader should have a good grasp of the principles employed
in altitude engine testing and should need no further detailed explanation of the fundamentals. This Paper
will, therefore, explore the major aress of difficulty experienced in the UETP and propose possible solutions
and good practice which should enable future altitude engine tests to have a greater chance of success.

Organisations with different approaches to testing took part in the UETP and therefore the range of lessons
learnt veried from one test facility to the other, everyone Learning something to their advantage. Every test
site was able to measure their facility bias for the first time and re this with their predictions; a
unique opportunity in the international field of turbine engine testing . This section of the Lecture Series
will attempt to summarise the lessons learnt by all participants and will be complementary to the lessons learnt
during ses-level testing, although some test sites will obviously only be associated with certain of the items
listed. The subjects covered will especially be appropriste to altitude turbine engine testing, which has a
different set of problems to contend with compared with ground-level test stands. For example, altitude testing
often entails instrumentation that must accommodate a much wider range of messurement, in particular pressure,
thrust and fuel flow. There again, environmental conditions within the altitude test cell can be unfriendly to
delicate instrumentation systems. These are the well known problems, but the items Listed below should
introduce fresh insight into the prepsration needed in staging turbine engine altitude tests with the objective
of obtaining the best possible results,

2 TMLET DUCTING

Almost atl Gas Turbine Engine Altitude Test Facilities install the engine such that the inlet air flows through
ducting directly into the engine, while the whole assembly is mounted in a test chamber to maintain the
eppropriate altitude pressure. This type of arrangement is generally called 'connected' testing and enables the
engine flight conditions to be closely controlled by & relatively simple plant layout. An example of a typical
eltitude test cell is shown in Fig 1 where the ltayout of RAE(P) Cell 3, the UK test facility used in the UETP,
is depicted. The design of the inlet ducting needs special attention so that it provides the engine under test
with a total pressure profile which is closely related to the flow field the engine would experience in the
sctust aircraft instatlation in flight. At the same time, the inlet ducting usually incorporates some method of
determining engine airflow which is a primary measurement requirement. In addition, some form of control of the
total inlet pressure is provisioned so that the correct flight test condition can be set. An elsborate
instrumentation arrsy is also usually required to sccurstely determine the vatue of mean intet total pressure.
Some of this equipment can disturb the flow and produce a distorted pressure profile if care in the design of
the equipment is ignored.

The following advice is given based on experience gained from the UETP. The inlet ducting design should, where
divergence is necessary, keep the divergence sngle to a minimm, sn inctuded angle grester then 7°should be
avoider. 1f possible, instrumentation intrusion in the inlet ducting should be kept to the minismum commensurate
with the requirements to obtain accurate mean messurements. This may initially entail exploratory tests to
irvestigate the complexity of the flow field using extensive sampling, but this cen then probably be reduced for
subsequent engine performence tests by careful positioning of a minimum instrumentation array. Any flow
distortion unavoidebly created by upstream control devices or duct geometries may be attenuated by a combinetion
of u:azea ond flow straighteners. The exsct location and quantity of these devices can only be determined
experimentally.

3 WOZZLE/EXOMUSY DIFFUSER COUPLING

The need to use exheust diffusers in altitude test cells to optimise the pressure r y in the exh duct
80 thet the exhsuster mechines are employed efficiently, aiso needs careful consideration. Since the test
facility mmt be configured to produce the minimum secondery afrflow so that minimm exhauster energy is used to
schieve o given altitude, this can lead to mis-metch between engine and exhaust diffuser airflow for good
pressure recovery. It is normal practice to optimise the diffuser geometry for the maximum engine airflow
condition. Fig 2 shows that there is no single instetllation configuration which all test facilities adopted.
Therefore, at other flight conditions there fs the possibility of recirculating exhaust flows which may have en
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impact on the local nozzle environmental flow field. With some engine installations, secondary chokes or
orifice plates may need to be fitted to the exhaust diffuser entry to minimise these effects.

It is recommended that the flow field in the vicinity of the afterbody/nozzie of the engine §s explored by using
a ring of statics to determine the tocal static pressure. In addition, the provision of surface static pressure
teppings along the engine outer carcase with some stetics surrounded by perforated enclosures, ‘tea bag
statics', st the nozzle exit plane will help to determine if pressure gradients are present. Steps can then be
taken to correct for boattail forces and pressure srea terms in the derivation of engine thrust.

The degree of pressure gradients that can be generated is a function of the geometry of the nozzle/exhaust
diffuser interface. 1t might therefore be prudent to design the engine installation so that not only can the
axial distance of the engine be veried with respect to the diffuser entry, but also the size of the diffuser
entry can be varied by the spplication of chokes and orifice plates. No specific recommendations can be mede
because solutions to minimise these effects depend on the layout snd capability of the test cell and air pumping
plant, which varies between facilities.

4 ENGINE STABILISATION

The UETP General Test plan specified a five minute stabilization period before steady-state performsnce data
were collected. This time was arrived at after NASA had carried out exploratory tests in their facility to
determine when aero thermodynamic stabilisation was reached. In addition, both RAE(P) and NRCC carried out
investigstions of engine settling time during tests in their facitities. Fig 3 shows the result obtained at
test Condition 6 during the RAE(P) tests. During the UETP the CEPr facility tested the engine at altitude and
due to priority requirements did not always adhere to the recommended five minute waiting time. This policy
gave a larger scatter in their data when compared with data obtained at NASA, AEDC and RAE(P).

Based on these experiences it is recommended that any tests on a new type engine in an altitude facility should
be planned to contain & test to determine engine/test plant stabilisation times at the earliest opportunity.
Specific recommendations cannot be made since times depend on engine size, cycle temperatures, cell
environmental conditions, instrumentation response and plant control response. All these factors vary for
different instailations and cannot be predicted. Nowever, the test plan should be constructed so that
conditions are explored both in an increasing and decreasing engine power lever movement and with different
flight conditions. It is appreciated that this mey not be possible in early tests, but even if only one test is
carried out with data scans at one minute intervals to determine stabilisation time, then a generous factor can
be spplied to the stabilisation period to account for potentially more difficult conditions.

5 PERFORMANCE RETENTION TESTS

In all engine performance tests it is very important to keep track of engine deterioration and therefore test
programmes should be pianned to ensble this element to be measured. The UETP plan was specifically organised to
ensble performance retention to be determined by:-

(a) Requesting each participsting sltitude test facility repeat at the end of their test series the same
performance test condition that was set up for their first test. This enabled deterioration during each
altitude test to be determined provided it was larger than the cosbination of day-to-day bias plus precision
uncertainty for that particular test facility. The results obtained at RAE(P) for their tests are shown in
Fig 4.

(b) HASA carried out tests on two occasions, at the start and finish of all the altitude tests. This
again enabled engine deterioration to be tracked providing it was larger than the longer term bias and precision
uncerteinty for the NASA test facility.

As concluded esrlier in the Lecture Series the UETP performence retention was determined to be very good with
mgligible deterioration., This uas probsbly due to the combination of an engine ‘running in' period at NASA
prior to the start of the UETP and the rugged design of the J57 engine.

Even though the carefully laid out plan of the UETP did not reveal engine deterioration for the ressons outlined
above, it {s recommended that similar practices are applied in all engine altitude tests of this nature so that
engine health can be monitored at all stages. A further recosmendation would consist of repeating a single test
condition on a day-to-day basis at a specific engine power setting so that not only is engine health checked,
but also the data gathering system is checked for integrity and consistency.

6 UNCERTAINTY AMALYSIS AS A GUIDE TO MEASURENENT SYSTEM DESIGN

This Lecturs Series has already wtlir’d sn extensive insight into uncertainty analysis in engine turbine
testing, setting out methods snd results”. There is, however, a spin-off from such methodology which can guide
tha test engineers in either selecting or tailoring measurement systems to achieve certain objectives or
indicating arees shere measurement improvement is required. It must not be forgotten, howsver, that financial
considerations and pressures of time can also play s major role in the messurement criteria, which may overwhelm
the technical considerations based on uncertainty analysis recommendations.

The first step, well before testing commences, is to specify the degree of accuracy required to identify the
sngine performence. It must be remsabered that comperative tests on development engines of the same type in the
same test facility using the same messurement process will attract a lower uncertainty spread. in this case,
some biss errors will be common and can therefore be discounted. Not all bias errors, however, may be ignored
since some chenges in the complete test set-up are inevitable, snd in any case, instrumentation drift must be
accounted.

The messurement process cen now be specified, based on the test criteria, end the uncertainty prediction
analysis cerried out. The complete analysis will revesl whether the specified performance sccuracy will be
achieved. 1f this accuracy has just been satisfied then no further action will be required. However, if the
specitied accuracy has not been achieved the snalysis will show where measurement process improvements should be
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attempted. These modifications can then be incorporated in the measurement process and the uncertainty
prediction repested. This process can be repested until the test objectives are satisfied. 1f the accurecy
needs are extensively exceeded it may be possible to relax the complexity of the messurement process, e use
simpler, lowsr cost instruments, and still achieve the objective. ALl these criteria need to be examined before
testing commences, but the application of this quatity control should continue during and sfter testing,
particularly with a post test analysis which will confirm that the original objectives and estimetes are valid.
The UETP experience should give confidence in applying those methods used and expleined in AG 307, which were
proved to be successful.

7 QN-LINE ANALYSIS

Altitude engine testing is an expensive operation due to the combined need for complex test plant and the high
energy to achieve the flight conditions. It is therefore important to provide every means of ensuring the
measured dats are satisfactory and it has already been stated that good pre-test planning plays an important
role in this process. However, the need for on-line data analysis and checking is equally important, since this
is the period when the high energy costs are expended. RAE(P) have long ago instituted a three-stage on-line
data checking system and other test sites have similer arrangements to ensure good data are obtained.

The RAE(P) system is explained here briefly as an example of good practice:-

The first-stage on-line check following a data scan involves a combination of autometic computer softwsre checks
and manual checking of individual measured perameters. The computer checking is configured so that measurement
stability is interrogated by multi-sempling methods. In eddition, outlier detection {s spplied to multi-
measured parameters or pressure and temperature arrays and those measurements detected to be in error are
deleted. MNethods are then spplied to re-calculate meen pressures or temperatures, etc or re-constitute a
measurement based on interpotation or axtrapolation techniques. Similarly, manual checking procedures are
carried out in parallel, deletions or manipulations implemented snd the dats reprocessed.

The second stage on-line checks involve an engineer using a suite of computer programmes to check that pressure
and temperature arrays are giving acceptable pressure and temperature profiles, besed on past experience or past
test results. Also aerothermodynamic data derived from test plant measurements should be correlated with pre-
determined established functions, agsin based on previous experience. These techniques sre hesvily dependent on
good graphical displays on a series of VDU terminals which can be rapidly multiplexed so thst the dats can be
:hecked before the next test scan is required. A typical graphical output exemined during this stage at RAE(P)
s shown in Fig 5.

The third stage on-line check is carried out by an engine performance engineer, who uses calculated engine
performance parsmeters to compare against past test results or ses-level test results. Fig 6 shows s sample of
s typicsl graphical output used during this stage, one of twenty four such plots used at RAE(P). Agsin assist-
ance with these checks is provided by a repid multiplexed graphical computer software suite with additional
statistical software aids.

Using these checking procedures at esch test scan, and also looking for trends as test conditions progress, has
enabled RAE(P) to provide a test capability which gives high quality data at an economic cost.

8 USING NOZZLE COEFFICIENTS FOR PERFORMANCE CONPARISONS

Nozzle coefficients, both airflow and thrust, were shown to be good parameters to use for performance
comparigsons during the UETP. It must be emphasised that these characteristics are only useful for a fixed
geometry convergent or convergent-divergent nozzle. The uncertainties involved with variable ares noziles,
which can include substantial leakage, make these geometries unsuitable for this type of analysis.

Nozzle coefficients plotted against nozzle pressure ratio are a suitable on-line snalysis parsmeter to check on
thrust and airflow measurement comsistency during tests, being very sensitive to small measurement changes sr
errors. Figs 7 and 8 show the on-line results of such sn analysis for all ten test conditions for the RAE(P)
UETP results. The good collapse of the dats indicates consistent thrust and airflow measurement in this case.

Nozzle coefficients can also be used to check thrust and airflow messurements between different test facilities,
of to determine thrust in flight. Both these procedures are heavily dependent on good nozzle inlet totsl
pressure and temperature measurements. If it is possible to position pressure and temperature measurement
arrays in the nozile tailpipe, then a suitable position should be selected where the effects of swirl end
turbine strut wekes are & minimum. It must be realised that this area within the engine is s hersh envirorment
for measurement probe integrity snd therefore failures must be expected. The UETP showed that nozzle nilpipt
static pressure measurement was more rugged than the total pressure probes and was also § itive to

flows within this region. It is probably advisable to use such a static pressure messurement to determine totnl
pressure in combination with a tailpips ares and a valus for gesme, than to rely on a total pressure msasurement
array. Even if this technique lesds to a bias in nozzle totsl pressure messursment, because errors can be
introduced both from estimates of ares and the flow sssumptions introduced into the calcutation, at lesst it
will be consistent across all tests if the same procedure is adopted.

1f totsl pressure and temperature arrays are used then these instrument ar-sys must be meintained in good
working condftion at all test sites {f consistency is to be reteined.

Although the UETP included tests on an open air stand at NAPC, Trenton, these tests unfortunately came too late
to be of any reel benefit to be included in the overail amalysis. Mowever, {f rortie cosfficients are to be
used as thrust end airflow messurement comperitors, it is recommended thet thess be determined during an open
afr stend test on a dey with negligible wind velocity. Only in this type of test can instaliation effects be
declared & minimm and true detum nozzle coefficients determined. Of course, this datum still depends on good
placement of nozile entry instrumentetion as indicated eerlier

b e
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L FUEL FLOW NEASURENENT

The UETP showed that consistent fuel flow messurement across all altitude test sites was difficult to achieve.
The fusl flow measurement comparisons gave differences of the order of 4 to 5 percent at & high rotor speed, the
largest differences for sny primary performence parameter. The difficulties in fuel flow measurement arise from
many considerations. Firstly, there is the wide variation in flows with altitude, typically from 0.1 litre/s to
4.0 litre/s, a ratio of 40:1. Leakage flows in the measurement instrumsnts, whether they be turbine or positive
displacement meters, are a msjor problem. In additfon, where turbine meters are used the fuel viscosity and
installation has a significant effect on volume flow measurement. The fuel viscosity, in turn, is dependent on
temperature and fuel properties and needs to be determined accurately. Some of these difficulties can be
resolved by calibrating the meters in a high quality test rig over their expected operating range using
gravimetric measurements.

At RAE(P) positive displacement meters sre used for stesdy-state performance measurements of fuel flow. Two
meters are used in series in the test cell to calculate fuel flow and both meters are calibrated in their
respective positions in the calibration facility. Thes~ meters are of the sliding vane or reciprocating piston
type, the former giving 2.25 litre/rev and the later 0. ‘itre/rev respectively. These are regularly calibrated
in the RAE(P) calibration laboratory, which uses gravimetric messurements. The meters are not sensitive to
installation pipework. Figures 9 and 10 show examples of the RAE(P) calibration methodology and a typicel fuet
meter calibration history chart. These meters have been found to give consistent performence over meny years
and the UETP confirmed their choice to be based on sound principles.

Other problems arise in fuel flow measurement, namely the conversion from volume flow to mass flow and also the
determination of calorific value. The mass flow determination is dependent on a measurement of density, which
in itself con prove difficult. If hand measurements are taken during a test there is the problem of varisbility
between different menual readings both of the hydrometer and the temperature measurement. The same problems may
be present in an automatic reading by remote sensing because these devices generally rely on a resonating
cylinder which is sensitive to fuel temperature.

Fuel calorific value is also a difficult measurement and is not covered by an international standard. Confusion
can arise because some agencies use heat per unit mass and others heat per unit weight in air. In these cases
it is important to use the correct fuel density (ie mass or weight) for the results to be consistent. The
calorific value used to be determined by bomb calorimeter and some agencies still use this technique, but others
have adopted the use of Nuclear Magnetic Resonance (NMR) techniques, which employ hydrogen and sulphur content
combined with a multiple regression equation.

All the sbove remarks have been made to highlight the grest care needed in the measurement of fuel flow. It
must therefore be recommended that an engine testing agency should give a proportionate effort to providing a
high quality fuel messurement process if specific fuel consumption performance is a prime test objective.

10 THRUST MEASUREMENT CALIBRATION CHECKS

The ultimete check on any load measurement system in an altitude test facility is a centre-line pull applied at
the engine centre-line position. There is no doubt that this test provides a great desl of confidence in toad
measurement capebilities if performed for a given test facility. However, to plan such a test is very time-
consuming and requires the provision of special frameworks to enable the load to be applied at the appropriate
position. Alternativety, a procedure should be set up to check the load measurement system on a regular basis
by designing a system to apply loads to the thrust frame at an appropriate position.

Nost test sites have some means of applying loads to the measuring load cell and a master load ceil
simultaneously, with the engine installed, to provide load cell calibrations. By adopting such a procedure,
thrust calibration history charts or records can be kept to maintain consistency over long periods. Then, if
any anomaly shows up in the charts the load measurement system can be investigated for extraneous fixed or
varisble loads ceused by unscheduied installation factors. These may be the result of additional mass addition
to the thrust frame or additional bridging between the earth and metric parts of the load measurement system.
Fig 11 shows a typical thrust calibration history chart kept at RAE(P). The difference from a nominal load is
plotted at three different load levels of 25, 50 and 70 kN and the generally low scatter on these plots
indicates the slope of the Load cell has remsined relatively « The changes in the 0 kN level indicate
the change in zero loed during either an engine installation, as instrumentation, etc is added or the change
from one engine installation to the next. The detail is to some extent unimportant in this figure, but it does
demonstrate the good practice of maintaining calibration histories, which increase confidence in the measurement
process capebility.

1" CONCLUDING REMARKS

The Unfform Engine Test Programme provided a unique opportunity for aero engine test facilities in Europe and
Horth Amerfca to eveluste their test procedures and methods of analysis by testing the same engines over an
agreed renge of operating conditions. Esch test site benefited in different ways from participating in the
UETP, not lesst from observing how other test sites approached the testing, through participeting in working
group discussions on procedures and methods of analysis. The encouraging results of the UETP, giving bias
errors within pradiction and precision errors of not greater than 0.3 percent are highly creditable and a good
reflection on the test procedures used in the test facilities.

The UETP involved the Pratt & Whitney, J57 two-spool turbojet which is not representative of more advanced
aflitery turbofan engines now under development. Turbofen engines are Likely to be more sensitive to
installation effects such as exhsust nozzle to diffuser specing, inlet pressure profile and Reynolds Number.
Test facilities may need to pay greater attention to these factors in sny future joint test programme. 1t is
expected that those items highlighted in this lecture together with the good practice guidence will help to
improve the procedures of all test facilities.
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Fig. 2 Comparison of inlet and exhaust geometries —
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Fig 3A Fuel flow and thrust during stabilisation time
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EXPERIENCE IN DEVELOPING AN IMPROVED
GROUND-LEVEL TEST CAPABILITY

by
D.M. Rudnitski
Section Head
Engine Laboratory
Nationat Research Council Canada
Ottawa, Ont. K1A OR8
CANADA

SUMMARY

™ gh understandi

Enclosed ground-level cell engine testing requires a 1g of engine and test cell aerodynamic interaction to ensure
accurate and repeatable engine p evaluation. The koy elements of celi design have boen identified and design considerations
outlined. Some ples of practi ployed at NRCC have been listed, a ber of them directly reflecting experience gained from
the UETP.

1 INTRODUCTION

Two major classes of sngine test facilities were used in the UETP, altitude or direct connect, and the ground-level test cell. Of the two,
only the altitude facility can simulate the complete altitude - Mach number envelope that an engine could experience in service. Ground-level
cells are relogated to operate under prevailing environmental conditions of pressure, temperature and humidity. Despite this limitation, the
ground-level bed still serves as a cost effective 100l at the production, post-overhaul, and research and development ievel.

One of the objectives in the UETP was to pare engine perf btained in each class of facility, and rationalize any observed
differences. A difficulty ntered in the parison was the inability of the sititude facilities, except one, o operate at the same
environmental test conditions as the ground-level cells. Corrections to these data using relatively simple lizati quations were shown
to be quite limited in application, and hence introduced additional blas errors.

There were other | of inties that only b ident during the p of data p and rationalization. This
section of the Lecture Series will addi some of the tial points to ider for o ining engine perf in g d-leve! (est
celis. A number of common issues have already been identified in the previous lecture on dﬂmdo lut capnbllky and vm“ therefore not be
repeated. In the sections that follow, three topic areas will be discussed, test cell design p ts and
performance calculations.

2 GROUND-LEVEL CELL DESIGN CONSIDERATIONS

Ground-level cells can be sub-divided into two groups, the outdoor stand, and the indoor or enclosed test cell. Of the two, the outdoor

stand is less athough it provides the best possible datum to which the ‘artificial’ situation of enciosed test cells, both sea-leve!
and altitude, can be compared. In a 'no-wind' condition, the scale force measurement is a direct reading of gross thrust at the given
temperature and pressure. ts major limitation is that it is subject to the ambi b data quality being strongly affected by wind
strength and direction, humidity, and precipitati Another drawback is the tack of acoustic attenuation at both the infet and exhaust, which
is the major reason for bringing an engine ind

Whlhncoulﬁally benseficial, the "raison d'#tre’ for being outdoors, a uniform static p field with no approach , is lost.
Cell Y offects, created by the & ion of the engine with the inlet, test chamber, and exh i to soma degree alter
the p field and introduce an inlet term that must be accounted for.

Several documnents on design considerations for enclosed test facilities have been produced, and excerpts from two of these (Ref. 3,
4) are reprinted with permission.

C d ic test cell probl such as Inlet p and ¥ ture distortion and airflow reciccutation can bt
wunccndmynboﬁmlmpmormcn«muunmm hnnmmem,thoonolm inlet airflow distortion can result in compressor
stall and cause severe engine damege.

The principal components of the teat cell system are the inlet plenum, the engine teet chamb mdm xh ct Euhmust

be designed for its individual function and for Its compatibiiity with the others, with respect 1o asroth ic and ati
The design conoept for large tan and sfterburning trbojet engk hohownlnﬂoun\ mmwokmormdm'ullmdhhmm
are di d in the g secth
2.1 Inlet Plenum
mmmdmmmmunmmwmmhqqumm)dmwmwemw
rmmmmumnmmmmwmmmmwn limi d by physk
and environmental conditions. The inteke may be elther hort d or ! with vm.MmuunllowlovunopoMon
independent of oulside wind direction and magnitude e thet testing can be cond d without ictions due to
m-mnnnmumnmnmmmmmmumumm Lmuhmm-ymmbc
reflected in cell depression. C inlet ph \ y 3 g vanes (for vertical inlets), st
beffies and poselbly fikers.

< ever ek A A o i
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In the UETP, only one facility had a vertical inlet lined with acoustic baffles. There were neither tuming vanes nor flow straighteners,
mdlhopvoxlmlqnwnmgknbaﬂmoﬂhhhowrﬂcdhlﬂhﬂmthhmkﬁodwodﬂowdbbﬂmtoﬁnmhn!mdlodngongim
P As individual p were not recorded, there is no definitive proof of this speculation.

2.2 Test Chamber

A tost chamber includes the engine thrust frame, and cell supporting equipmaent, such as lift platf ladders, engine ils, and
so on. CuduldhnﬂonmuabopddtolMdnhnoﬂhoMchmb«bmhlmlzcovdlmlnd.pvohcﬁomln!hoﬂwﬂoldwhkhdloct
portions of the flow which enters the engine. Such projections can cause wakes and di in the belimouth and prod

iations in engine perf In addition, consideration should be given to those asp of the test chamb dulgnwhlchoﬂmmo
sirflow in the vicinity of the engine to ensure that air is not recirculating and reingested by the engine. Reingestion of cel! flow can produce

jons in the P and ady ly affect perf: Also, test chamb irculation can reduce the accuracy of
thrust correction measurements.

An important factor in test section design is the geometric ratio of engline di to the tional area of the cell. Another
significant design consideration is the bypass ratio, which is defined as the ratic of the secondary air flowing past the engine to the airflow
entering the engine inlet. Both the bypass ratio and the area ratio have a direct infl on the velocity of the air bypassing the engine,

which should preferably be less than 10 m/s (Ref. 5). To meet this requirement, the maximum engine size for a given test saction may be
approximated by:

12+« Ay
* (=)

where W, - maximum engine alrflow (kgs)
Ay = tost section flow area (m?)
a = bypass ratio

Pﬂghbypmﬂwbdﬂucmnrwucﬂmhwptmnmnmmm rmlﬂnglnfovmmdwouldnotoocurlnopon-

aif testing. Thuopfouummonthoonglmwmdbtm thrust by producing axial b y forces. The major effect of
these buoyancy foroes is g ly nears the exh mddm«mlmmnmomndwmm“mh ¥ the flow velocity in
lmtmucﬁonlcdgnmm ",', blent p will be reduced relative to the engine inlet pressure. The result is equivalent to the
engine operating with an app f d velocity, and at a slightly higher altitude. The use of a high loss protective screen in front of the
sngine may lower the iniet pressurs to the engine even further.
Flow along the test ion wall ion as it app! hes the engine belimouth, since the flow captured by
Manglmhu.emcﬂomlmhrgortmnm.ngmM Boundary layer lysis (Ref. 6) indi that flow along the wall
parates for all cell by ratios. The separati ation moves d as the bypass ratio i For high bypass ratios, the
upudionpoimmwu of the bell h entry plane, which will p vortex Ingesti For low bypass ratios, the flow
separation point moves upstream of the belimouth inlet, which mey lead to vortex f tion, Keeping the separation point at or behind the
befimouth inlet should reduce vortex formation.
Tomp«mdlﬂomon,m«dlyoauudbywullﬂw irculation, will ad ly affect compi pert similar to velocity
di on inlet temperature, hence location etrors in temp d by

oxhwotguudnddonblpo.dbﬁw Suchoouldboﬁuemlmunmumdmmnoeouplnmuud In addition to temperature
distortion, cell recirculation can cause the engine external body forces to fluctuate which will reduce engine thrust measurement accuracy.

2.3 Exhaust System

Probably the greatest impact on engine performance ls the design of the exh y The exh ystem not only controls the
moumdmwmhmm.mnmmmmmmmmmm~ ption, and the production of
thuti Most mod mdnohdwmm“mmmnmwwm:oﬂnmmmgnmdIndueoncondary
-Mlowwoughheol The exhauet is dicected imo the augmentor tube, through a diffuser, and then expslied into the h
tube acts in binatk mmmmunmmwmmmmmmmwwmmmu
ool In the pest, sugmentor design was basically an art and test faciiity people had only quantified some of the parameters conceming
sfjector performance (Rel. 7).

The dary or bypess flow is important for cooling the for of the turbine casing and the exhaust duct of the engine, as well
ummmwummwm lhmﬁ«a&hwwwm&mm.mﬁkhmhm
relative 10 the engine exhaust plane, and a variety of insert sizes 10 modily the flow area. This type of design aliows easier control over the
aiffiow pumping requirements, noles, and local statio pressurs at the Jet nozzie exit plane. Mcre importantly, the quaniily of secondary air

entrained e oruoisl for proper engine testing. Too Ittle dary ale allows reciroulation of exhaust gases within the cell, resulting in
overhesting of the engine components and the augmentor tube. Too much dacy ale ive static p grad

between the engine iniet and exhaust planes, which require large ) wm d thrust. H , sufficient Yy sir must
be entrained 10 lower the kinetic snergy of the exhaust, to allow the si o perk iy T*‘ h for J

www«mumwnmmmnmmmnmmmamm
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The major design e} of an sugmentor tube include the nozzie/t dt ratio, the Iinlet configuration, the engine
mmmmwmmmwmmmmmmmw Each of the parameters will have
an effect on the cell bypass ratio, the total cell aifiow, and the p temp and velocity profiles in the augmentor tube.

Thoeoﬂocbvhonglmnothdiuwnﬂohlvwhw in the aug design. The bypass ratio decreases with
d g di ratio b onho di dary flow ares (Fef. 8). As the di ratio | the ent losses b
less important b the wmmmowgmomwbolnammdddlncﬁon. A converging-diverging engine nozzle will
reduce the bypess ratio b ofthe i dasy flow blockage from the diverging nozzie flow, and because of the decreased

diameter ratic from & modulating nozzle.

An example of the effect of nozzle to coilector size is shown as Figure 2 (Ref. 8) based on 1/12 scale model experiments of the NRCC
No. §test cell. Nenhprnouuuﬂoandnozzhhcolloetonpaclngmhddeomhmwhllovwlmeo!loetordhmmdougivonnozzlc
size. For a given nozzle size (relative to the test cell cross ion), the inment ratio varies aimost finearly to & maximum value and
then drope off.

Thcopnmgbmoonuwmglmmzzhmd augmentor fube huknlnﬂueneoonmoneondwdrﬂow The bypmuﬁoincuuu
slightly with blockage of the nozzie and then d ofi d flow block of the
oxhwdptum(ﬁd?) Monlmpomnﬂy m:mmmmwumﬂdddmmszu&mhm-hwwboﬂnum
as the static p field d the engine. | g the an (o in the noise produced within the cell, because
dmwmwummmmwwmmwmmmww

Thogmund-hvolhclllﬁulnﬂnUEl’P had a diameter ratio ranging from 1.5 to 3.5 and nozzie spacings from 0.8 to 2.7 (Figure 3).
Rcanbe cted that the p field d the nozzie varied for each Installation and had a direct influence on the thrust
accounting oquﬁom. Thh effoct for the NRCC faciilty will be di d in a tater secti

The secondary cell bypass fiow is also a function of the engine exhaust temperature. The cell bypass ratio varles approximately as
the square root of the ratio of the exhaust total temperature to the engine infet total temperature (Ref. 8). Military engines, because of their
inherently higher exh plume temp induce higher bypaas ratios.

2.4 Summary of Design Considerations

The effects of enclosed test cells on engine perf: marih dy ic. Before embarki onncweolldntgmor
modtﬂcaﬂomtoaddng'odﬂﬂanbboﬂtomau.bmodﬂdlppmdmdo!yllizolzomd b individual cel
for their effects on the total system. The key areas for evalustion are shown as Figure 4 (Ret. 8).

P

3 Performance Measurements

Engi 4 inag d-level cell is g lly defined as thrust, fuei flow, and to a lesser degree airfiow. in an altitude facility,
mrﬂowuroqmrodfothdoﬁniﬁondmnm,whormm.ground-hnleolﬂhlshnonmllynolhmo The ption is # the installati
ad led bel h, and the belimouth forces are not transmiited to the thrust stand. For this situation, the thrust i

proeoduvn become dmuu to those employed for altitude faciiities, and engine aiflow must be determined.
In this section, airflow and fuel measurements will be briefly discussed, but thrust will be dealt with more rigorously.
3.1 Alrflow

Alrflow is in most cases obtained through the use of th h orificss cont 9 to ASME dards. M of

pvmuu.hmmwmumwwdhwmmmuuwlwhmlm m-lrm-mluonhahbocdlbmod against

dard, or by ful Hnthmdwlﬁ»phuprobumdmblhhhgnﬁoweodﬁdmt The accuracy and repeatability
olmudoviumnybcdhoudbyﬁow‘“" of turbul 9 the engine.

app

Mmmewﬂommnmuuboobuwcdwhmuﬂngmmmowdlhhw One is the ption of uniform static p
across the measurement plane, lnd\hoo&mhmohlgh p quired in what Is a relatively low Mach no. ﬂowﬁdd
Unif “o'Mc must be confirmed by tr ing the plane, and also ensuring that no flow distortions from

di nt. The low Mach no. inh inthe nt plane can be } d by locally reducing the ares,
lollomdbyndlﬁuo«bﬁnonglm!m Diffusers do thicken up the boundasy layer and may alter engine performance.

In the UETP, NRCC and TUAF had fow Mach no. directly coupled airmetors, while CEPr had a necked-down ai followed by &
diffuser which wae decoupled from the thrust stand (Figure 5 from Ref. 2). Inherently, the CEPr al should have provided the most
consistent and sccurate results, which proved 1 be the case (Section 18.3.3 of Ref. 2). NRCC had difficulties in establishing a fiow
coefficient because of a double ing of the boundary layer growth. TUAF airflow are belleved to have suffered from
inflow distortion effects, but as the pitot probes data were not individually recorded, it Is only speculative.

3.2 Fuel Flow

The most ly used system to fuel flow Is & vol ic turbine type device coupled to a variable time base digital
dout i The dmmlnurlu.wmImwwwmﬂwwdommuummddmum.mmummd
iable. Fuel density and viscosity are lated from d af the meters. If a wide range of flow is required, as in the

c‘udmrbumlngmglm lmlﬁmﬂoldhﬂwuhmohouﬂbohﬂdhdmumowhmuwm With time, bearing wear witl
degrade the accuracy of the meters and introduce non-linearities in the low flow range. Forlhhnuon. dic calibrations are

A typicat calibration ls shown in Figure 8. The required inputs are freq and viecosity (temp dep “‘mhmmm
80 called °K" factor. Actual fuel specific gravity at the fuel temp mdmo‘ a y are bined to produce uctual gravimetric fuel
flow.

+ bt s o
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Note from Figure 6 that when opsrsted in the linear range, the value of viecosity is not very important. Only if the meter were
‘incorrectly’ operated in the non-lineas iow-flow range, wauid viecoslty be significant,

Positive displacement meters were used by one altitude facility in the UETP. Whether positive disp! of turbine type, corrections
must be made for specific gravity and lower heating value. vuumwmumummwm.nuwdumwm
and specific gravity 10 jet fuel, but the effect of non-compliance would be much fess for positive displacement meters.

The method of calibration, wheth i i imetric can aleo introduce efrors as was discussed in an earlier lecture. Ina
controlied wund-cobin tost of calibration faciiities, nwuohownmthouprmIncmhwuupb05$.wm-dommwmdbiudm
loast 0.2% bety and gravimetric calibrators (Figure 7)!

in the UETP, Mmm-wmmmmwmohwwmmmmwmdmpm
operational difficulties in some facilities rendered theee data

3.3 Scale Force Measurement

The oy most ly used io wmd.mqaammwuzuwdnmcypowwm They may be
mmmmm«nmm«mmmm P or The ! d 4 e prof ‘tondueﬂhopowbilm
of errors due to thermal radietion from the engine exhaust, The thrust measuring system should be designed to minimize talse loading of
the load cell due to temp gradients in the and/or calibration In a different horizontal plane than the thrust loading.

Sundwﬂmu lpﬂngnh.cnd y is have to be d for as there may be measurable deflections of the thrust cell relative
tothe gi d @ the thrust cell with & reference load cell in the plane of the measurement cell could concelvably calibrate
the ovoull system on a toutlm buu However, because the onglno thrust vector is some distanice above the load celi, a centre-pult
calibration with the engine in place is datory, as the nt induced in the stand can cause the flexures to change loading
from ion to pression. Should this happen, the calibration mII likely be non-linear, unrepeatable, and sensitive to changes in mass.

3.4 Thrust Accounting

in an outdoor facility, the engine op in a uniform static p field; thus the pressure in the plane of the nozzls exit is the same
as that surrounding the engine. For this .mmlon with still sir conditions, the measured thrust on the load cell is equal 1o the engine gross
thrust. In an indoor facility, an exh i g Hy placed in close proximity to the nozzie axit, creating an ejector effect, thereby
inducing secondary airflow through the test cell. Thh I bined with the dary airflow ing the coll , locally madifies

the static pressure field et the nozzie exit.

For this situation, the engine static pressure environment is different from that measured by the trailing edge statics, the value of which
was defined as PAMB in the UETP General Test Plan (Ref. 1). To overcome this difficulty, all pressure forces were referred to a plane
upstream of the engine inlet, which when added to the scale force and momentum terms, ylelded a vaiue for gross thrust (Figure 8 from
Ref. 3).

In this instalistion, the belimouth is hanically coupled to the engine stand. The locations of the planes of accounting are somewhat
arbitrary, except for the exhaust exit plane. The requirements for planes 0 and b are uniform static pressure and velocity. Definition ot
planes 0 and b might prove difficult in test cells that have distorted flow fields, which may occur with a vertical inlet.

The sum of the forces acting on the control volume, under steady-state conditions, is equal 1o the change in axlal momentum across
the control volume. A y of the perti quations is as foll

Fu’Aopc'Aﬂfph'AOPo’Fl’Fl'Fh'wnvo’wbvb“wovo

where Fg - drag force on the thrust frame
F, - friction drag on the engine
Fpy = friction drag on the walis

The most significant aerodynamic component of the thrust nt is the intrinslo intet which prod: a force on
the engine a8 a result of drawing air into the test cell (Ref. 10). For static engine testing, the magnitude of this force may be substantial.
Since this force is, In effect, a drag term, it must be added to the measured thrust of the engine. A complete breakdown of all the terms
is given in Ref. 3, but for illustrative purposes, the size of the individual components for NRCC is shown in Figure 9.

CEPr had a detached belimouth in their facility, thus the thrust accounting more clossly approximates that for altitude cells.
4  Performance Caiculations
4.1 Amblent Corrections
Corrections for ambi and p are absolutel for engine performance evaiuation. It was shown in Section

wam zmuwmmmwm.mmwdmmwmm More complex

y would deviste even further using simplistic corrections, thus the need for an empirical engine model
or eyelodoot mmmm«:«vam
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Ancther factor of to g d-level cells ls the p of humidity in the inlet alr. Engine performance is significantly affected
by high humidity in the intake air. Whilo air properties (Cp. v. MW, R - apecific heats, molecular weight, and gas constant) can be corrected
for reasonably low levels of abeolute humidity, high relative humidity may resuit in condensation in the engine inlet. The phase change from
vapour to liquid In lho neeomaﬂng air Infiow stream results In & temperature rise in m -lr stream, which Is difficult to handie precisely for

airflow calculati aporation in the fan stream the pi Fi of fan biade surfeces may affect
fan efficiency. Visidle moisture in the air could also enter the p probes introd blau in the pressure measurements. Thus, in
order to avoid condensation in the air nlet stream, the foll in '] pheric limitati shouldbooburvod

maximum relative humidity: 75%
maximum absolute humidity: 14 g water/kg air (88 grains)

The thermodynamic properties of moist air may be d ined by a weighted ge of the properties of the two components - dry
m (lub.crlp'l) and water vapour (whocrlp!w) Bmdonabooluu humldlw. q, in grams of water vapour per kilogram of dry air, the
g equivalent dry air properties can be d
1000 C,, + qC,
C, - m‘%—nﬂh (specific heat at constant pressure)

1000C,.a + C,,,

C, - specific heat at constant volu
v 1000 + ¢ ¢ me)
1000 C,, + GC,
0 Ypa * Spw
Y - (ratio of specific heats)
1000 C,, + qC,,
1000 A, + gR,
R-———*+ —* as constan
1000 + ¢ @ o
This approxi ethod and its exp. | verification is described In Ref. 11. it yields corrections to obtain dry thrust and airflow
at constant rotor speed, ram pressure ratio, and infet temperature.
Recent studies of available literature show that while the above corrections apply in a number of cases, they are by no means all-

inclusive. As a result, an AGARD PEP study group has been formed to critically review the literature and produce a document with
application guidelines.

Comcnom of ground-lovol gross thrust were shown notto agree with the equations listed in Ref. 1. it was shown that corrections using
the tailpi sensor (PAMB) were Invalid. The PAMB mouummnt was directly influenced by the nozzle to
colloctov spacing and size nﬂo. and thus was not indicative of the p field g the engine. To account for this interference
for the J57 engine, corrections of thrust in ground-level cells is nimpry:

FGR - FG/8

rather than:

FGR - (FGI8) + (AQ8)(PAMB - P2AV)

as defined tor ground-level cefls in the UETP (Ret. 2).

4.2 Flow Coefficient

The use of nozzle flow coefficients for validation of facility d thrust and sirflow also has application 1o ground-level test cells.
The technique was well documented in Section 13 of Ref. 2, and in the previous lecture, thus will not be repested here. Turbine flow
functions also have some use, but 1o be valid the final nozzle must operate in a choked condition, which may limit their use to high pressure

ratio engines. Variable area final nozzles, as are typified by afterburning engines, make this technique less useful, for the geometric area
must be a repsatable known value.

4.3 Data Handling and Presentation

Experimental programe such as the UETP can produce voluminous quantities of data, especially i an aut d data gathering and
handling sysiem le used. Mhngndhndomy!omoumowommngmbpoulblomnwnhomrogudnlohow\hodmwillhm
be presented. Complete and st of the data should be done within saveral days (preferably the same
day) of the test. mmammduﬂngmwmwnnﬂmwwm A good example is this Lecture Series. It is difficult
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1o recalt all the thought processes that were used at the time of the data parieon, with the
have been overiooked.

Some specific fems that were encountered at NRCC were:

i} The use of sofy o selectively elimi; faulty sensor values can be risky. Typical softy ,. o lculste s rake average and
mmmmp(hdlmlnmowm Certain stations within the engine have severe p di thus good data
would be removed for the wrong reason. Ancther dMicultywlMowhnlowlng!odocldo whon to throw out an entire test point
because of one bad seneor, or removing one sensor as faulty if it ls only intermittent.

) Curvefitting of certain p using a quad quation may fead to srroneous results, e.g., SFC, turbine efficiency, etc., because
of their very non-linear shape. Polymm(d curve ﬁﬁlng shouid be employed instead.

il  Test planning and stion should include repest data points within a run and across runs within a test series. An engine
thermodynamic model should be available to estimate the ranges of to derive temp: fapse rates and to assess
changes in pefformance or to detect bad sensors.

V) M rtal lysi ohould‘ tude a plete error audit of all error forkey p A plete descripti
onhc calculation nlgomhmﬂof allp tors is y. Error models for transd will have a major effect on the

yst Y rison of curvoﬁmod data must inciude the errors introduced by the curve slope eflect and the effects of
common mouuumonu in both the d. dent and independ 3

5 Concluding Remarks

Ground-level teat cells, despite their limitations on envi tal control fulfil an important role in assessing engine performance.
Enclosed test cefis require a ber of corrections to the d value of thrust to obtain an uninstalled grou thrust. These corrections
may be analytically derived from detailed ts in & test facility, or may be blished by paring enclosed test facility results

to some dard datum. A unh Iy pted datum Is an outdoor test stand, which when utilized in conditions of zero wind, measures
gross thrust directly as scale force. wnh future engines growing in terms of thrust and airflow, the importance of the tm cell design and
the thrust i ded to nt {or the “test cell effect” will i b . Abetter und ding of the i ion bet

the engine and its i di ings will enh. the quality and efficiency of anglne testing in the !uture
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d = 550 mm (nominal)
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PREFACE

Presented herein is a general test plan which specifies common test
hardware, instrumentation, data acauisition, and data processing
procedures for the AGARD Uniform Engine Test Program (AGARD-UETP). This
plan should serve as a guideline for the preparation of each
participant's test plan and as a control document for the definition of
the test engine and related test hardware. The general test plan is
being compiled and maintained by the Arnold Engineering Development
Center and material pertaining to the plan should be forwarded to the
Working Group Chairman (Dr. J. G. Mitchell).
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1.0 INTRODUCTION

The overall purpose of the AGARD-Uniform Engine Test Program (UETP)
is to bring an understanding of turbine engine ground test data for
participating AGARD countries to a common denominator, and to imorove
test techniques, instrumentation and test equipment for turbine enqgine
testing. The improved understanding and methods are to be achieved
through a comparative engine test program. In this program, two J57P-19W
nonafterburning turbojet engines are to be made available from the U.S,
Air Force. The plug type nozzle of the J57 will be replaced with a
cylindrical tailpipe and a reference convergent nozzle. The intent of
replacing the exhaust nozzle is to simplify the installation of nozzle
instrumentation and the calculation of nozzle performance. Certain fixed
instrumentation will be provided to travel with the engine. This
reference instrumentation will be used to set test conditions, monitor
engine health and engine performance deqradation. The basic objectives
of the UETP is that each participant use those facility test procedures,
instrumentation arrangements and analysis methods that are consistent
with their normal practices to define three basic engine performance
parameters: airflow rate, net thrust, and svecific fuel consumption,

NASA Lewis Research Center will initiate the test program and be
responsible for the initial program management. Two newly overhauled
engines will be delivered from the U.S. Air Force Logistics Command to
NASA Lewis Research Center for modification and checkout prior to the
initiation of the UETP. The initial and final participant facility tests
of the UETP will be conducted at NASA Lewis Research Center, Test data
from the final retest at NASA Lewis Research Center will be used to
assess engine performance degradation,

The purpose of this document, the General Test Plan (GTP), is to
specify particioant common test hardware, instrumentation, data
acquisition, data processing procedures and will serve both as a
guideline for the preparation of the participants test plan and as a
control document for the definition of the test engine and related test
hardware,
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2.0 AGARD-UETP MEMBERSHIP

AGARD Propulsion and Energetics Panel (PEP) Working Group 15:

Panel Membership

Chairman: Dr. J. G. Mitchell
Technical Director for Overations
Headquarters Arnold Engineering
Development Center (AFSC)
Arnold AF Station, Tennessee 37389

TELE:

BELGIUM

M. le Prof. R. Jacques

Ecole Royale Militaire

30 Avenue de la Renaissance
1040 Bruxelles

TELE: 02-7339794 x 378 or 246

CANADA

Dr. W. L. MacMillian

National Defense Headquarters
CRAD/DST. (OV)

101 Colonel By Drive

Ottawa, Ontario D1A OK2

TELE:

FRANCE

Ing en Chef de l'Armement J.
Cocheteux

Service Technique des Programmes
Aeronautiques

4 Avenue de la Porte d'Issy

75996 Paris Armees

France

TELE:

GERMANY

Dr. D. K. Hennecke

Motoren und Turbinen Union
GmbH (MTU)

Abt. EW

Dachauerstrasse 665

8000 Munchen 50

TELE:

1(615)455-2611 x 7621

ITALY

Dr. Ing, G, Maoli
FIAT S.v0.A.

Via L. Bissolati 57
00187 Roma

TELE:

NETHERLANDS

Ir. J. P. K, Vleghert
National Aerospace Laboratory
P. O, Box 90502

Anthony Fokkerweg 2

1059 CM Amsterdam

TELE:

TURKEY

Professor Dr. A, Ucer

Middle East Technical University
ODTU

Makina Muh, Bolumu

Ankara, Turkey

TELE:

UNITED KINGDOM

Mr. A, J. B. Jackson
Polls-Royce Limited

Aero Division

P, 0. Box 31

Derby DE2 8BJ

TELE: (0332) 42424 x 1009

Mr N.A. Mitchell
Rolls-Royce Limited
P.0.Rox 3

Filton, Bristol
B8S12 7QE




UNITED STATES

Mr. A. A. Martino

Director, Measurement &

Information Systems Devartment

Naval Air Propulsion Center, Code
PE4

P. O. Box 7176

Trenton, New Jersey 08628

TELE: (609) 836-5713
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NON~PANEL MEMBERS
CANADA UNITED KINGDOM
Mr. D. M. Rudnitski - "Mr. P. F. Ashwood
Division of Mechanical Engineering 36 Lynch Road
National Research Council Farnhan
Engine Laboratory Surrey GU98BY
Montreal Road Lab., Bldg. M-7 TELE: (0252) 714295
Ottawa, Ontario K1A OR6, Canada
TELE: (613) 993-2214 Mr. M. Holmes
TELEX: €53 3386 Head of Engine Test Operations
Dept. .
FRANCE Royal Aircraft Establishment
(Pyestock)
M. F. Fagegaltier Farnborough, Hants GUl4 OLS
Centre 4'Essais des Propulseurs TELE: (#252) 544411 x 6132
91406 Orsay -
TELE: (6) 941-8150 UNITED STATES
TELEX: 692148
GERMANY Mr. Richard Connell
PE-62
Prof. Dr-Ing. W. Braig Naval Air Propulsion Center
Institut fur Luftfahrt-Antriebe P, 0. Box 7176
Stuttgart University Trenton, New Jersey 08628
Pfaffenwaldring 6 TELE:
7000 Stuttgart 80
TELE: (0711) 685-3597 Mr. J. T. Tate
Program Manager, Aeropropulsion
TURKEY Programs Dept.
Sverdrup Technology, Inc., AEDC
Captain Fehmi Algun Group
Turkish Air Force Command Logistics Arnold Air Force Station,
Technical Department Tennessee 37389
Hv. K. K. ligi Lojistik Bsk. ligi TELE: (615) 455-2611, ext. 7203
Bakanliklar/Ankara
Turkey Mr. W. M. Braithwaite
TELE: 41 199099, ext. 696 or 139 (Ms 500-207)
TELEX: 42688 TRHKK Aeronautics Directorate

NASA Lewis Research Center

21000 Brookpart Road

Cleveland, Ohio 44135

TELE: (216) 433-4000, ext. 5502
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Dr. J. G. Mitchell, Chairman
M. J. Cocheteux
Dr. D. K. Hennecke
Mr. A. J, B, Jackson
Prof. R. Jacques
Dr. M. L. MacMillan

Ir, J. P, Vleghert

iy



A-14

3.0 AGARD UETP OBJECTIVES AND
MEMBERSHIP RESPONSIBILITIES

3.1 PROGRAM OBJECTIVES

General

To provide a basis for upgrading the standards of turbine engine
testing within AGARD countries by comparing test procedures,
instrumentation techniques, and data reduction methods, thereby

increasing confidence in performance data obtained from engine test
facilities,

To compare the performance of an enqgine measured in ground-level test

facilities and in altitude facilities at the same non-dimensional
conditions and establish the reasons for any observed differences.

Svecific

Define, initiate, and monitor a facility-to-facility comparative
engine test program,

Compare the engine performance measured in the various facilities and
resolve any observed differences.

Prepare an AGARDograph summarizing the results.
3.2 AGARD WORKING GROUP 15 AUTHORITY/RESPONSIBILITIES
1. Prepare and maintain the General Test Plan.
2. PFormulate program objectives.

3. Define and implement program pretest and posttest study
requirements,

4. Arrange logistic support activities and provide procedures for
logistic support.

5, Arrange for interfacility written material to be translated and
transmitted in a timely manner.

6. Review participant’s Engine~Test-Plans for format and content
and oversee changes,

7. Establish procedures for the exchange of information amona test
participants.

8. Establish procedures to resolve test particinant inquiries,

9. Resolve differences in participant engine performance data.
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11.

Prepare program AGARDographs.

Assure test continuity via an Overview Committee,

b.

Define interim participant test reporting requirements.

Provide early review/assessment of selected data from each
participant's test program.

Provide technical advisorv services to the
AGARD-PEP~Working Group 15 Chairman, as required, to assure
participant compliance with UETP procedures.

Provide technical advisory services to the
AGARD-PEP~-Working Group 15 chairman, as required, to assure
consistency in engine performance data reported by
participants,
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4.0 AGARD-UETP TEST PARTICIPANTS

1. Facility: NASA Lewis Research Center
Representative: Mr T. Biesiadry
21000 Brookpark Road
Mailing Address Cleveland, Ohio 44135
Type Test: Altitude
2. Facilitys Naval Air Propulsion Center
Representative: Mr. R. Connell
Mailing Address: P. O. Box 7176
Trenton, New Jersey 08628,
UsSA
Type Test: Sea-Level
3. Favility: National Research Council
v Representative: Mr. D. M. Rudnitski
Mailing Address: Engine Laboratory
Ottawa Ontario IlA OR6
Canada
Type Test: Sea-Level
- 4. Facility: Royal Aircraft Establishment (Pyestock)
Representative: Mr. M. Holmes
Mailing Address: Farnborough
Hants GU1l5 OLS
England
Type Test: Altitude
5. Facility: Centre d'Essais des Propulseurs
~” Representative: M. F. Fagegaltier
Mailing Address: Saclay
91406 Orsay
France
Type Tesat; Altitude and Sea-~Level
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Facility: Engine Overhaul Division
Representative: Captain Fehmi Algun
Mailing Address: Turkish Air Force Command Logistics
Technical Department
Hv. K. K. ligi Lojistik Bsk. ligi
Bakanlikiar/Ankara
Turkey
Type Test: Sea-Level
Facility: Arnold Engineering Development Center {AEDC)
Representative: Mr. J. T. Tate (Sverdrup Technology, Inc.)
Mailing Address: Arnold Air Force Station
Tennessee 37389
USA
Type Test: Altitude and Sea-Level




5.0 PARTICIPANT TEST
*OBJECTIVES AND RESPONSIBILITIES

5.1 FACILITY-TEST OBJECTIVES

1.

Assess turbine engine performance at specified®test conditions
and engine power levels using facility test procedures,
instrumentation arrangements and analysis methods consistent
with participants' normal practices.

Report test results in a specified form/format which will
enhance direct comparison and correlation with test results
reported by other test particioants,

5.2 PARTICIPANT RESPONSIBILITIES

1.

Provide a pretest Facility Test Plan which defines the
following:

- Test installation.,

~- Instrumentation schematics.

—.Data acquisition system.

- Test hardware.

- Data reduction procedures and equations,
- Estimated measurement uncertainty.

- Engine operational procedures,

- Engline service systems (fuel, oil, electrical).

- Basic engine performance systems (thrust, airflow, and fuel
flow).

Conduct testing to provide an assessment of specified enaine
performance at specified test environmental conditions and
engine power levels.

Prepare and transmit a final data package in accordance with the

requirements of the General Test Plan.

Prepare and transmit a final test revort in accordance with the
requirements of the General Test Plan.

Support the Working Group in making the interfacility data
evaluations and in the preparation of the final report, as
required.,
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5.3 PARTICIPANT TENTATIVE TEST SCHEDULE
Engine delivery to NASA Lewis Research Center
Engine instrumentation and checkout completed
Testing completed and engine shipped

Arrival at Arnold Engineering Development
Center, U.S.A.

Testing completed and engines shipped
Arrival at National Research Laboratory, Canada
Testing completed and engines shipped

Arrival at Centre d'Essais des Propulseurs,
France

Testing completed and engines shipped

Arrival at Royal Aircraft Establishment
(Pyestock), England

Testing completed and engines shipped

Arrival at Engine Overhaul Division, Turkey
Testing completed and engines shipped

Arrival at Naval Air Propulsion Center, U.S.A.
Testing completed and engines shipped

Arrival at NASA Lewis Research Center

Testing completed and engines shipped

Arrival at Oklahoma City Air Logistics Center,
U.S.A.

30

15

24

15
15

November 1980
May 1981
December 1981

January 1982

May 1982
June 1982
September 1982

October 1982

March 1983

April 1983

July 1983
August 1983
November 1983
December 1983
March 1984
March 1984

June 1984
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6.0 ENGINE DESCRIPTION
6.1 GENERAL DESCRIPTION

The test enaines will be U. S. Air Force supplied J57-P-19W turbhoiet
engines., The J57-P-19W engine (Fig. 1) is an axial-flow, two soool
non-augmented turbojet with a fixed-area exhaust nozzle. Rated
sea-level-static thrust is 46.71 kN (10,500 1lb) at military power. The
engine inlet diameter is .932 m (36.7 in), and the maximum engine drv
weight is approximately 1882 Kg (4150 lb).

The engine compression system is a sixteen-stage two-spool compressor
with an overall pressute ratio of 11.3:1 and a rated airflow of 74.843
kg/sec (165 lb/sec) at sea-level-static, militarv power conditions. The
nine-stage, low-pressure compressor (LPC) is connected by a through-shaft
_to a two-stage, low-pressure turbine. The seven-stage, high-pressure
compressor (HPC) is connected by a hollow shaft to the single-staae,
high-pressure turbine. An intercompressor bleed discharges air overboard
through a bleed port during starting and low power operation,

The combustor section consists of an annular diffuser and a cannular
combustor unit with eight flame tubes, Each flame tube contains six
dual-orifice fuel spray nozzles. Ianition is accomplished by spark
igniters located in flame tubes 4 and S. Combustion spreads to the other
flame tubes by means of cross-over tubes welded to the forward section of
each chamber. Power to the svark ignition is provided by a 7-amo, 24-vdc
external source,

Engine fuel is metered by a hydromechanical fuel control as a
function of power lever position, high-pressure compressor rotor sveed,
compressor inlet temoerature, and compressor discharae pressure. Hiah
pressure rotor speed, at a fixed power lever position, is biased by
compressor inlet temperature; burner pressure is limited to a maximum of
approximately 1,378 kPa (200 psia).

The test engines are oroduction-configuration USAF J57-P-19W turbojet
engines (S/N P607594 and S/N F615037) modified to provide (1) a
cylindrical tailpipe and converging exhaust nozzle assembly, (2) a
"referee" Uniform Engine Testing Program Instrumentation Package, and (3)
a water/oil cooler to replace the aircraft oil cooler, The test proaram
does not require horsepower extraction, water-injection, customer bleed,
or anti-ice.

6.2 COMPRESSOR BLEEDS

The production engine configuration (J57~P-19W) utilizes two
compressor bleed valves (left and right). Operation of the enaine with
the bleed valves in this configuration limits the high-power rotor speed
range {with both bleeds closed) to approximately 26.18 Hz (250 rpm)
(High-Pressure Rotor Speed). This limited sveed range prevents use of
the test procedure recommended by the PEP Working Group 15 (nine
steady-state power levels between the hleed-closed power level and the
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military engine power level). Operation of the engine with the
right-hand compressor bleed blocked off will allow a high-power rotor
speed range of approximately 800 rpm (High-Pressure Rotor Speed) between
the bleed-closed power level and the military engine power level, The
increased rotor speed range should allow use of the PEP Working Group No.
15 recommended test procedure,

The bill-of-material configuration of the J-57 engine models designed
for "fighter" applications (J57-21B and J57-23B models for example) have
blanked-off right-hand compressor bleed ports (right and left hand ports
are defined as looking upstream). However, the single~bleed engine
configurations have a "larger" left-hand bleed port opening than the
left~hand bleed port opening of the two~bleed engine configurations as
noted below:

"FIGHTER ENGINES" "BOMBER ENGINES®
Left Bleed 4.3 Diam, Orifice 3.25 piam, Orifice
Right Bleed CAPPED 2,20 piam, Orifice

For this test program, the engine bleeds have been modified to a
"fighter" configuration in order to increase the bleed close operating
range,

6.3 OIL COOLER

Engine operation requires the use of an external oil cocoler. A test
stand mounted oil cooler will be used and shipped with the engine, This
oil cooler, which will use water as the coolant, is to maintain the oil
temperature at 366,48CK (200°F) at the outlet of the oil cooler,

There is no operational requirement to perform heat transfer
calculations.,

6.4 ENGINE EXHAUST NOZZLE

Because the tailcone on the standard JS7-P-19W extends through the
nozzle exit plane (see Fig. 1), the Bill-of-Material nozzle will be
replaced by a cylindrical tailpipe and a reference convergent nozzle both
fabricated by rolling sheet metal (Fig. 2). The cylindrical tailpipe
will provide a more suitable platform for the extensive pressure and
temperature instrumentation needed to establish nozzle inlet conditions,
This approach, however, does require a calibration test run with the new
tailpipe-nozzle assembly to size the nozzle so that engine performance
can be restored to approximately the nominal value, NASA LeRC has
accepted the responsibility of fabricating the nozzles and conducting the
calibration. Even though two engines will be available for the progranm,
it is planned to use only one tailpipe-nozzle assembly.
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6.5 ENGINE INSTRUMENTATION
6.5.1 General

The test instrumentation package will consist of facility-peculiar or
primary instrumentation and engine-peculiar or referee instrumentatica,
The primary instrumentation will consist of that required by each
facility to determine engine fuel flow, airflow, thrust, and test cell
environmental conditions. The referee instrumentation will be mounted on
the engine or support stand by NASA and travel with the engine.

6.5.2 Station Designation and Nomenclature

The station designations for the referee instrumentation conform to
SAE-755A (Aerospace Recommended Practice for Gas Turbine Engine
Steady~State Performance Presentation for Digital Computer Proarams) and
are shown in Fig., 3., Diagrams showing the number and tvpes of
aerofynamic instrumentation to be installed in the test engines are shown
in Fig. 4.

All instrumentation measurements (except rotor speeds) will be made
with facility supplied sensors. Engine fuel flow rates will be measured
with both facility supplied fuel flowmeters and engine-supplied fuel
flowmeters.

Each engine will be provided with its own flowmeter system (2
flowmeters, piping and thermocouple)., This system has been calibrated
and therefore should not be disassembled without the authorization of the
Working Group Chairman. The fuel flow system calibration data will be
provided by NASA LeRC,

All engine inlet and internal aerodynamic instrumentation must be
inspected prior to and following each phase of the UETP program. NASA
LeRC has the responsibility of fabricating the referee instrument
probes, NASA LeRC will also certify the probes for engine use, but
assumes no responsibility for their continued safe use once shipped from
their facility.

6.5.3 1Instrumentation Connectors and Identification

The engines will be delivered with most instrumentation terminating
on "patch-panels" which are attached to the engine inlet duct (Station
2.9 Instrumentation Ring), to the engine intermediate case, and to the
Engine Tailpipe Section.

NASA will provide 1/8 inch Swagelock fittings for pressure lines and
standard 2-pin quick-disconnect connector for thermocouples. Conversion
fittings to make the transition between fractional and nmetric tubing do
exist. NASA will provide assistance relative to connector problems to
those facilities which anticipate problems (upon request to NASA Working
Group Representatives). The possibility exists that mating connectors
can be provided for pressure and temperature instrumentation, Mating
connectors wiil be provided for the fuel flowmeter (AN fitting) and speed
sensor (BNC connectors).




All instrumentation connections and electrical connector interfaces
will be identified by name,

6.5.4 Referee Instrumentation Requirements

The required referee instrumentation parameters quantity and
measurement ranges are listed in Table I. Also noted in the Table are
parameters to be measured in facility control rooms for engine health
monitoring.

6.5.5 Dynamic Pressure Transducers

Each test participant must supply two Rulite Model STL5-140-5D or
eguivalent pressure transducers for their portion.of the test program,
These transducers are to be used at engine station 2 (refer to Fig. 4 for
specific location) to monitor the turbulence characteristics (i.e. )4
RMS from 0 to 1000 Hzs) of the engine inlet airflow. The RMS values
should be included as part of the steady-state data system.

6.6 SPARE PARTS

A list of spare parts to accompany the engines are presented in
Appendix I, The items listed as expendables in Appendix I will be
shipped-with the engine. The items listed as major parts are not
currently available. Any additional parts required will have to be
requisitioned through the U.S. Air Force Logistics Command. On-site
representation to provide logistic support will not be provided,
Requests for spare parts should be made through the Working Group
Chairman, Dr. J. G. Mitchell,

I
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7.0 TEST INSTALLATION REQUIREMENTS
7.1 GENERAL

The J57-P-19W engines will be shioped to each test facilityvy on
standard wheel dollies. The engines will be mounted on a NASA supolied
test stand which in turn may be mounted on each particivant's facility
thrust bed by facility personnel., The engine installation in the Nasa
Test Stand is shown in Fig. 5.

7.2 ENGINE INLET HARDWARE

The engine inlet bulletnose is an aircraft part and will not be used
for the UETP, NASA LeRC will fabricate an engine bulletnose from U, S.
Air Force drawings and modify the part to aid in suovvort of the engine
inlet instrumentation probe array. A schematic of the hulletnose and
instrumentation spool piece design is presented in Fig. 6. NASA will
only fabricate one bulletnose, instrumentation spool piece, and compnlete
set of inlet temperature and pressure rakes., NASA will provide some
spare probes for the inlet rakes.

NRCC will install a 60cm long airflow measuring section in front of
the station 2 spool piece that necessitates removing the NASA supolied
nose cone and replacing it with one of their own design, Test data will
be gathered with both nose cones to quantify the effects of this change,
The bellmouth and airflow measuring section could be made available to
other participants if necessary after the NRCC tests, NRCC will,
however, quote the test results based on the NASA bulletnose
configuration,

Bach participant will use a bellmouth and airflow measuring section
of their own design. The method of attaching facilitvy hardware to the
NASA instrumentation spool section and the thrust unloading (i.,e., slip
seal) or thrust accounting methods for such hardware will be of the
participants' choosing. The bellmouth and inlet ducting used by NASA mav
be available for participant use, if required. The NASA engine inlet
hardware is shown in Fig. 7.

7.3 TEST CELL COOLING AND FLOW GRADIENTS

The amount and type (i.e., conditioned or atmospheric) of test cell
cooling air should be monitored. 1If it is not practical to measure the
mass flow rate of the cooling air, test cell air velocities should be
estimated using pitot-static pressure measurements. In addition, wall
static pressure taps should be used to identify test cell pressure
gradients. A minimum of four axial pressure measurement stations are
required with one of the stations being in the exit plane of the engine
nozzle. At each test cell wall measurement station a minimum of two
pressures, 180 degrees apart, should te installed.




7.4 ENGINE MOUNT SYSTEM

The engine mount framework is NASA supplied and connects directly to
the engine test stand shown schematically in Fig. 5. ThYe engine mount
frame consists of two overhead intermediate case mounts and one rear
mounting framework which connects to the engine turbine case at two
locations. The test stand, in addition to supporting the engine,
includes instrumentation patch panels, supoorts the NASA supplied
watit/oil cooler, The fuel flow meter package will be attached to the
engine,

7.5 ENGINE INSTALLATION INTERFACE DEFINITIONS
Engine installation interfaces are defined as follows:

A, PsWA installation drawing 225601 should be used as reference for
mounting and hookup of engines.

B. The engine should be supported at the intermediate and the
turbine exhaust case. Typical test mounts would be a "dog
house” stand, A stand of this type will he supplied by
NASA-Lewis.

c. The following stand interfaces are required for engine test.

1. Fuel inlet - Requires a flanged connector to match fuel
pump inlet. Flange is shcwn at 4A of Sheet 1 of
installation drawing. The stand fuel system should be
capable of delivering up to 45,359 kg/hr (10,000 1lb/hr) of
Jet=A,

2, Ignition system - The test facility must suoply 24 volts DC
@ 7 amps. Use a 3106-145S~9S or equivalent connector.
Ignition is on only during start cycle,

3. 0il system (Refer to Fig. 8)

a, The engine has its own oil tank but an external ofl
cooler must be provided. A jumper tube between pads
*J" and "AS" on the inlet case front accessorv drive
support will be supplied with the engine. Pads are
shown at 18F and 19F, Sheet 1 of installation
drawing. Remove the P/N 240060 oil cooler to oil tank
inlet tube. The stand oil cooler should be plumbed
between the attachment points for this tube,

b. There is a remote o0il fill adapter available at the
oil tank. See Sheet 1 of installation drawing, "L" at
16B.
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*NOTE:

c. NASA~Lewis will provide a visual oil sight gage. It
can be connected to the oil tank drain valve located
at the left rear of oil tank. The drain valve handle
must be wired to the open position.

d. Breather pressurizing valve is located at the front
top of oil tank. The pad for connecting to stand
breather line is shown at 18E, Sheet 2, of
installation drawing.

Turbine exhaust gas temperature connector (TTS)* - There
are four chromel alumel probes mounted in the turbine
exhaust case. Probes are normally connected by an
averaging harness, To read individual TTS5 temveratures,
disconnect the averaging harness from the probes and run
individual leads to a stand mounted switch box. The switch
box should have TTS averaging cavability. These engines
have. dual junction probes, which allow use of the B/M
averaging harness along with individual leads.

Turbine exhaust gas pressure (PTS) - There is one B/M PTS
probe in the turbine exhaust case.

Overboard drains - There are three overboard drains
required.

a) PsD valve plus burner - 1,.0625-12~3 fitting

b) Fuel pump and control seal drain ~ .4375 - 20NF-3
fitting

c) Static oil drain - .500 - 20NP-3 fitting

PLA connection - May be installed on the eng’ne cross shaft
on either side of engine. Required interface is shown on
sheet 2 of installation drawing at 11D.

Tachometers - The engine has provisions for an NL
tachometer on the low rotor gearbox and an NH tachometer on
the main gearbox. Tachometer ratios are 0.717:1 and
0.433:1, respectively. NASA-Lewis will provide the engine
tachometers.

Engine Station designations in this report conform to SAE-755A
whick are not consistent with engine station designations
specified in the J57 tech order manual.
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7.6 ENGINE FUEL SYSTEM

The engines will be supplied with a fuel system consisting of a fuel
pump, hvdromechanical fuel control, fuel pressurization and dump valve,
and engine fuel manifold and spray nozzles. 1In addition, each enaine
will be modified to include a NASA supplied fuel flowmeter package
located between the fuel control and P&D valve.

The engines will use Jet=-A or Jet~A-l fuel and shall require a
facility supplied fuel delivery system to the fuel pump inlet. The
facility shall include in this fuel system an emergency shutoff valve and
a 10-40 micron filter upstream of the fuel pump inlet.

Fuel samples shall be taken from near the engine fuel pump inlet
prior to each engine performance test period. The fuel sample will be
analyzed for viscosity, specific gravity and lower heating value., The
results of the analyses shall be revorted in the final data packages. In
addition, two fuel samples from each facility will be provided for
comparative analysis by the Canadian Fuel Laboratories.

The following fuel properties will be determined: distillation
range, sulphur content, net heat of combustion (by calculation and bomb
calorimeter), aromatics content, hydrogen content, smoke point,
naphthalene content, thermal stability, and specific gravity. Engine
test agencies are to arrange shipment of two gallons (approximately 8-10
liters) of fuel in clean, well-sealed containers to:

Dr R, B. Whyte

Fuels and Lubricants Laboratory
National Research Council
Montreal Road

Ottawa, Ontario

Canada

KIA OR6

Mark containers: “Fuel Samples, AGARD Uniform Engine Test Program®

{For further information, Dr Whyte may be contacted by telephone: (613)
993-2415.)

7.7 POWER LEVER SHAFT SCHEDULE AND RIGGING

The power lever positioning system shall be facility supplied to
position the single fuel control power lever shaft (accessible from
either side of engine). The power lever has 100 degs of rotation from
cutoff to military stop. Pin holes are provided along the shaft face for
position caliktration at idle and military. Increasing power lever angle
is in the counterclockwise direction when viewed from the engine left
gside. The power lever angular position is to be recorded using a
facility supplied potentiometer mounted to the PLA shaft.




7.8 ELECTRICAL SYSTEM REQUIREMENTS

The engine uses a high-energy capacitor type ignition system that
provides a source of very high energy. The ignition system consists of
two identical, independent units, one for each ignition plug, with a
common power source, Power to the system requires a 7 amo, 24 vdc
external source, (See T.0, 2J~J57~13 for additional information.)

7.9 LUBRICATING OIL SYSTEM

The engine lubrication system is of a self-contained high pressure
design (Fig. 8). It consists of a pressure system which gupplies
lubrication to the main engine bearings and to the accessory drives. O0il
is drained through a scavenge system, from the bearing compartments and
from the accessories, and is pumped through an external mounted water/oil
cooler and returned to the engine oil tank for storage. The engine main
0il tank which is mounted on the front compressor rear case is connected
to the inlet side of the oil pressure pump, thereby completing the oil
Elow cycle. A breather system connecting the individual bearing
compartments and the oll tank with the breather pressurizing valve
completes the engine lubricating system,

The lubricating oil to be used is MIL-L-7808, The water/oil cooler
shall require a facility water supply rate of 0 to 1,261.8 ml/sec (20
gpm) and a regulating valve to maintain oil temperature out of the cooler
at 366.48 + 5,69k (200 + 10°F).

An engine oil samole must be obtained immediately (within 15 minutes)
following each test period for spectrometric oil analysis (SOAP). The
SOAP limits for the J57~P-19%W are listed in the engine operational limits
(Appendix II). (See T.0. 2J-J57~-13 for additional information,)

7.10 HARDWARE ITEMS AVAILABLE TO UETP PARTICIPANTS

A preliminary list of hardware and instrumentation to be used for the
NASA-LeRC phase of the UETP and to be shipped with the engines is
presented below, Also included is a list of recommended svare varts,
only some of which have been received at NASA LeRC., Such information as
instrument qualification procedures, qualification data (if desired, must
be requested from NASA-Lewis), instrument and hardware drawings, etc.
will be provided with the {tems listed, but NASA~LeRC will not assume
respongibility for any hardware or {nstrumentation once it leaves
NASA-LeRC. It is the responsibility of each UETP particivant to insure
that any hardware or instrumentation used in its engqine test facility
meets the operational and safety requirements for that facility.

Preliminarily, the instrumentation and hardware available, are as
follows:

1. Items 6, 9 and 20 shown in Fig. 9.
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3.

4.
5.

7.
8.
9.

10.
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Instrumentation shown in Pig., 4. Instrumentation-facility
interface will be through bulkheads located at the enaine inlet,
compressor exit and tailpipe-nozzle assembly using 1/8 inch
Swagelock fittings for pressure lines and Marlin, Type K,
connectors (i.e., standard 2-vin quick-disconnect connectors)
for thermocouples. Only chromel-alumel thermocouples will be
used,

Two fuel flow meters per engine with appropriate instrumentation
for temperature and accompanying tubing and AN fittings.

One o0il cooler and accompanying tubing and AN fittings.

Accelerometer mounting pads located on the inlet case, diffuser
case, turbine exhaust case and accessory drive case plus two
mounting pads located inside the center body spool piece to
monitor the vibrations transmitted from the center body nose
cone (Item 9, Fig. 9) to the engine.

Tachometer - generators to measure the low rotor and high rotor
speeds along with BNC connectors.,

Mating electrical connector for the ignition system.
One mating spline for the PLA shaft.

No pressure transducers or accelerometers will be shipoed with
the engine.

An air starter will be provided with each engine., The starter
should not be removed from the engine for testing in altitude

facilities.

- - T T TE T
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7.11 AVAILABLE DRAWINGS FOR UETP

The following drawings are available from NASA LeRC.

DESCRIPTION

Fixed Duct
Split Duct
Outer Body Spool Piece
Center Body Nose Cone
Nose Cone Adapter
Center Body Spool Piece
Engine Nozzle Support
Engine Stand
Wide Flange Beanm
8 x 8 x 31 1b/ft x 12 £t long
J57 Nozzle (Calibration)
JSi Reference Nozzle
Seal Duct
Mount-Front Engine
(i.e., Dog House Engine Support)
PWA Engine Installation
PWA Lifting Sling, Part #PWA XDS15745
NASA Installation Assembly

38848131313

No

CF
CF
CF
cr

DRAWING NO.

505693,
505694,
505695,
505695,
505695,
505695,
S05696,
505696,
Drawing

505709
505710
505694,
505713,

Item
Item
sht,
Sht.
Sht.
sht,
Item
Items 1-2

,>EH NN N

Items 3-4
Shts, 1-2

PWA 225601, Shts. 1l-4

No

Drawing

CR 505712




Toni S AR

8.0 TEST PROCEDURES
8.1 OPERATING PROCEDURES
8.1.1 Engine
Engine procedures required for all test facilities are:
a. Engine starting and shutdown.
b. Engine and fuel control system functional check.
c. Engine depreservation and fuel/oil leak check.
a. Engine performance testing.

Specifics for these procedures are provided in Appendix III*, The
enginas will be operated within the limits in Technical Order 23-J57-13.
Engine overational limits are listed in Appendix IV*,

8.1.2 Trim

The engines will be retrimmed at NASA with Jet A fuel to
approximately those values obtained by the USAF when it trimmed the
engines using JP4 fuel. The engine trim should be checked for each
engine at the military power setting (PLA = 90°), The mechanical
speeds at militarv conditions for each test condition are contained in
Table YI. If the measured mechanical speed deviates more than 50 rom
from these values, the Working Group Chairman should be notified.

Note that engine trim checks and trim adjustments should not be
required for the conduct of the AGARD UETP. The engines were trimmed
prior to the initiation of the UETP by NASA. In the event that the
desired engine power settings cannot be obtained (due to engine “trim
slip® or "engine deterioration”), the chairman of Working Group 15 should
be contacted for direction and or authorization of any corrective enaine
maintenance action.

8.2 PRETEST CHECKS
8.2.1 1Ignition Check
The functioning of the ignition system shall be checked prior to

windmilling the engine and with both rotors at rest, Audible sparking
shall be confirmed prior to continuing the program.

*Procedures and omerational limits provided in Aopendices III and IV are
for informational purvoses only, the official procedures and limits are
those specified by Technical Order 2J-J357-13.




8,2.2 Fuel System Leak Check

with facility fuel supoly connected to engine and pressurized from
266.84 (30) to 344.74 kPa (50 psia), the engine shall be closely examined
for fuel leaks. All leaks shall be repaired prior to continuing the
program.

8.2.3 Windmilling Check

The engine shall be windmilled to an NH 1500 rpm or via the air
starter to NH 2500 rpm (max. one minute) prior to each test period to
check vibration levels, rotor sveed indications, and oil system priming.
The engine and lubricating system plumbing shall be examined for oil
leaks. All leaks shall be repaired prior to continuing the program.,

8.2.4 Engine 0il Servicing

The prerun check list shall include a check of the oil sight gage (if
available), or tank dip stick before each engine run.

8.2.5 Engine Inspection

The engine inlet area shall be visually inspected for foreign object
damage,” foreign objects in the engine inlet area, oil leaks, and inlet
duct instrumentation condition. The exhaust area shall be checked for
.damage or oil leaks.

8.3 Engine Posttest Inspection

The engine inlet area shall be visually inspected for foreign obiect
damage, oil leakage and freedom of rotation. The inlet shall be
inspected for signs of tip rub, blade cracking, etc. The exhaust area
shall be inspected visually for signs of damage or oil leakage,

8.4 TEST CONDITIONS

The UETP has two sets of test conditions; one applicable to altitude
test facilities and one to sea-level test facilities.

At each test facility, dew point or specific humidity should be
recorded for every data point. Due to possibilities of condensation
affecting Tt2, running should not be attempted at high levels of relative
humidity at the engine inlet.

8.4.1 Altitude Testing

Conditioned air will be supplied to the engine inlet at the total
pressure and temperature corresponding to the desired test conditions.
Engine inlet total pressure will be defined as the numerical averaqge of
the 20 total pressure probe measurements at Station 2.0. Station 2,0
boundary layer rakes will not be used in the determination of P2. Engine
inlet total temperature will be defined as the numerical average of the




|

10 total temperature probe measurements at Station 2.0. A recoverv
factor of 1.0 is to be used for all Station 2.0 temperature probes, The
test conditions for the altitude test facilities are presented in Table
III. For each test condition, data scans will he taken at nine engine
power settings approximately equally spaced between mil power and the
speed at which the bleed valves start to open (the specific NH speed
power settings are defined in Table III)., The test sequence for the nine
NH speed settings are:

1. Mil power
2. Target value
3. Bleed valve opening limit

4. Between 3 and 2

5. Between 2 and 1
6. Between 2 and 4
7. Between 4 and 3
8. Between 2 and S
9. Between 5 and 1

Graphically, the test sequence appears as follows:

]
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When approaching each setting, the throttle lever will be moved slowly
towards the throttle position where the required speed is expected to be
achieved and the engine allowed to stabilize, The set speed should be
within + 25 rpm of the desired. 1In going between two set speeds, the
throttle direction must not change. 1In the event of a speed overshoot
outside of the tolerance band, the throttle setting should be backed up
approximately 100 rpm and the speed reset,

At each power setting two data scans will be obtained. The intent {s
to obtain stabilized engine aerodynamic performance (i.e. stabilized gas
path). It is estimated that stabilized performance can be assessed
within five minutes at set conditions for the initial data scan; and
within two minutes for the repeat data scan,

8.4.2 Sea-Level Testing

For sea-level testing, the engine inlet total pressure and
temperature will be defined as specified for altitude testing (Section
8.4.1). The proposed test conditions for the sea-level tests are ambient
conditions with a RAM ratio of 1.0, Two regions of engine operation are
specified:

1. From engine power settings from bleeds just close speed to mil
° power (i.e. same as the altitude facilities), an

2. From engine power settings from bleeds just open speed to idle
power.

As most sea-level test beds do not have environmental control, the
engine power settings will have to be established at each test
temparature. For the high power region, values of NH have to be
established for bleed valve closed (BVC) and MIL power, By dividing up
the test range into 8 equal increments, 9 values of NH are obtained, The
sequence of power settings is the same as in Sec. 8.4.1. and detailed in
Table III. Two data scans after engine stabilization will be taken at
each test condition., For the low power region, the speed range between
idle and bleed valve closure will also be divided up into 9 equally
spaced values of NH and power settings sequenced in the same manner as
per the high speed range, Table III outlines the test points and
sequence,

8.5 LOG REQUIREMENTS
The AGARD logging requirements for each J57 engine are as follows:
1. Windmill time,
2, Engine hot time,

3. Military (i.e. PLA = 90°) and max EGT (i.e. T5 = 1130°F)
time, '

*



4. Maintenance and repair records,
5. Spectrometric oil analysis results,
6. Test summary sheets.

These logs are to be shipped with each engine.

PR ISR
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9.0 TEST DATA REQUIREMENTS

9.1 ACQUISITION

Each particpant's test report should include a flow diagram of the
data acquisition system used to record and process outputs from
steady-state, transient and high-reswvonse transducers, The type hardware
and software used for data acquisition and data sampling rates ver second
per channel should be identified.

9.2 EDITING AND VALIDATION

The test participant procedures for editing data should be identified
in the test report. Redundant data and data rejection processes should
be described. Procedures for handling missing data such as the loss of a
sample and outliers should also be presented.

9.3 STANDARD EQUATIONS FOR UETP

The following calculations will be made by each test participant.
NASA LeRc will provide a sample set of inputs and outputs for the purpose
of checking the equations.
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SUBJECT: Clarification of Shorthand Notation Used to Describe the Uniform
Engine Testing Program (UETP) Standard Equations.

The following example is presented to assist those unfamiliar with the
shorthand notation used to describe the equations in the reference
document. The example chosen refers to the calculation of average
temperature at the engine inlet, station 2 (see AVERAGES, Station 2,

T2AV) .

SHORTHAND NOTATION

T2AV = Avg (T2AVOA, T2AVOB, T2AVOC, T2AVOD, T2AVOE)
where: T2AVO$ = Avg (T2$14, T2$32)

where: $ =A,B,C, D, E
NOTE: The symbol "$" is used to describe a sequence of measurements
made at the location denoted by A, B, C, etc. "A" indicates

measurements in ring A; B in ring B, etc. This can further be
seen by comparison with the algebraic equation.

ALGEBRAIC EQUIVALENT
T2AV = T2AVOA + T2AVOB + T2AVOC + T2AVOD + T2AVOE
5

where: T2AVOA = T2Al4 + T2A32
2

where: T2AVOB = T2B14 + T2B32
2

T2AVOE = T2El4 + T2E32
2

where: T2A1l4, T2A32, T2Bl4, ..., T2E32 represent instrumentation
as shown in figure 4A of the GTP

NASA would be pleased to explain the equations further for those UETP
varticipants who may still have questions, However, it is requested that
these questions be addressed to specific areas of concern,

STANDARD EQUATIONS FOR_UETP

AGARD-UETP test participants may use facilitv-developed standard
procedures for the determination of gas properties, such as the svecific
heat ratio (Y ). The following relationship for the specific heat ratio
(Y ) in the Standard Equations has been provided by NASA for use, as
desired, by test participants who do not desire to use their
facility-developed standard procedures:




The relationship used for the specific heat ratio (Y) in the
Standard Equations is as follows:

Equation For Y - No Dissociation

(1 + £)(0.28705 + 2'°52°Gi4§1r) £) A

Ygas = 1- g
2 ai n + bi i (

to{[e ) el } )

Where: FAR = Fuel Air Ratio
Summation index, 0, 1, 2
H/C = Hydrogen Carbon Ratio of fuel

Gas Temperature, K

4
i
m
T

Constants (Joule/(gr-K))

i ai bi ci

b
0 8.983 761 899-00 (=)1.127 218 529-01 9.497 901 £02-01
1l 5.006 943 032-04 3.018 887 416-03 1,607 549 922-04
2 2.260 316 157-06 (-)1.258 866 682-06 2,616 006 174-08
a Rgas = Rajr + (8.314/2Mg2) (m/m+l) £, Joules/gr - K)

= 0.28705 + 2.0620 (m/m+l) £
b Exponent of 10, e.g., ay = 5.006 943 032 x 1074




AVERAGES

The "avg{ )" function indicates that the arithmetic average of the
parameters is to be calculatad. For example:

ave(X,Y,Z) => (X+Y+2)/3
The "wtavg( )" Zfunction irndicates that an area weighted average is to be
taken. The paramaters are given in pairs; the Zirst value is a

parzsreter to e averaced and the second value is its associated
weighting factor. For example:

Wtavg(X,Al,Y,A2,Z,A3) =5 [(XeAl)4(YoR2)+{ZeA3) |/ (AL+AR24A3)

The averages to be calculatéd are as follows:

Station 2
T2AV = avg(T2AVOA,T2AVSE,T2AVOC,T2AV0D, T2AVOE)

where: T2AV0S = avg(T2314,72%32)
where: $ = A,B,C,D,E

P2AV = avg(P2AVOA,P2AVOB,P2AVOC,P2AVOD, P2AVOE)
where: P2AVOS = avg(P2s00,P2809,P2518,P2$27)
where: $ = A,B,C,D,E

PBI2AVOS = avg(PBL2%07,PBL2S25)
where: $ = A,B8,C,D,E

A-3Y
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PBO2AVOS = avg(PBL2$05,PBL2523)
where: $ = 2,8,C,D,E,F,G.H

PS2AV = wtavg(PS2AVOA,R2R,PS2AVE3,R28)
uhere: PS2AV0S = gvg(PS2$01,PS2310,PS2%19,P52828)
where: § = A,B
R2A = 243864
R2B = 68006

Stasion 3
TIAV = avg(TIAVOA,T3AVOB,T3AVEC)

where: T3AVOS = avg(T3S11,T3$25)
where: $ = A,B,C

P3AV = avg{P3AVOA,P3AVGB,P3AVEC)

where: P3AVOS = avg(P3sS08,P3s2s)
where: $ = A,B,C

Station 3.1

PS31AV = avg(PS31A03,PS3I1A33)

Statien 3
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TSAV = aug(T5A02,T5A11,T5A20,T5A29)

PSAV = P5AV3IYD

Station 7

T7AV = wtavg(T7AVOR,A7A,T7AVOB,A?B,T7AVOC,A7C, T7AVOD,A7D,
T7AVOZ,AR7E,T7AVOF,A7F,T7AVO0G,A7G, T7TAVOH,A7H,
TIAYOI,ATI,T7TAVEI, R7I, TTAVOK, A7K, TTAVOL.A7L,
T7AVOM, A7M, T?2AVON,A7N, T7AV00,A70, T7AVEP, AP,
T7AVOQ,A7Q,T7AVOR,A7R)

where: T7AVOS = gug(T7$01,T7519)
where: $ = B,D,F,H,J,L,N,P,R
T7AVOS = avg(T7$10,T7528)

where: S ¢ A,C,E,G.I,K,1,0,Q

A7A = 3.5363 R7G = 24.3211 AT = 45,7303
A7B = 6.4202 R7TH = 27.8893 A7N = 49,2985
AIC = 10.0484 R1I = 31.4578 A70 = 52,8666
A7D = 13.6166 R7J = 35,0257 K7P = 56.4348
A7E = 17.1847 A7k = 38.5939 A7Q = 60.0031
ATF = 20.7529 A7L = 62,1621 A7R = 107.1122

PIAV = wtavg(P7AVOR.A7A,P7RAVOB,A7B,P7AVOC,A7C, P7RVOD,A7D,
FIAVOE,A7E,P7AYOF,A7F,P7AVCG, A7G F7AVOH,ATH,
P7AVOILATIL F7AVOJ,A7J,FTAVOK,A7K,P7AVOL,AZL,
P7AVCM,A7NM.P7TAVON,A7N,P7TAVCO,A70,P7AVOP,A7P,
PTRVEQ,AQ,PTAVOR,ATR)
where: P7AV0S = avg(P7$01,P7819)
where: $ = 2,C,EG,I,K,H,0,Q
P7RV0S = avg(P7$10,P7828)

where: $ = B,D,F,H,J,L,N.P.R
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PS7AV = avg(PS7A00,PSTA0Y,PSTA18,PS7A27)

THMIAV = avg(TMTR02,TM7A11, TMTA20,TM7A29)

Station 0.4

POSGAV = avg(P04A0S,POGALT,PO4A26,PO4AIS)

Stasion 0.9

PAMB = POSAV = svg(PO5SA08,P05A17,P0SA26,P05A35)

Stxtion 0.8

POZAV = avg(PO3A03,POSALZ,POSA21,P08A30)

Lfuel Floy

WFE = avg(WFEl,WFE2)

ENGINE FUEL FLOU CALCULATION

WFES = WPESV*0.9990295G60({ 14CEX(288.7-THI) ]
uhere: $ = 1,2
§G60 = from fual sample
CEX = 9,126°10°°




WFESY = (UWFESAC/KS)
where: K$ = £(UFESAC/Y)

where: v = Z-expl(-0.76437-(3.295¢Z
“(0. 61190212J (0. 3193-203)!

where: Z = 2'-0.7
where: logl0(logl8{Z?)) = A-Belogl0(1.3¢TWF)
uhere: A = 10.9047%
B = §,.132%*

Functions for KS; let X = 1n(WFESAC/y)

Engine 1
Kl = (0.0006034297X45)-(0. 017031179-x14)o(o 1919556X43)
=(1.070272°X42)+4(2.95902*X)~
K2 = (0.001614871e%45)=(0.0671595¢X46)+(0.548617eX$3)
=(3.17926°X42)+(9.18249°X)~10,064551
Engine 2
Kl = (0.001164908X45)~(0. 033784435'xf6)0\0 388961646'Xf$)
=(2.2213515X42)+(6,2889063+X)=6.5115
K2 = (0.000797802¢X45)=(0. 0236761770Xf6)¢(0 2764115649%¢3)
=(1.58656300X42)+(4.56458990X)-4.620210
AIRELOW
Station 2 - Ideal

WAT2 = 1000¢P2AVeMTI2oA2{ (Y/R)(1/T2AVI(PS2AV/P2AV)$((T+1)rY) 14(1/2)

* Constants A and B are to he evaluated for each fuel batch.
See Appendix V for calculation procedure as per ASTM D341.
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where:

MI2 = (12/Cy=1) JIC(P2AV/PS2AVI$((Y=-1)/T)~11}4(1/2)
R = 287.03

Y = £(T2AV)

A2 = AZSL1+ACTMIAV=-294) 192

where: A s 16.2010°¢

CD2 = WAl/R

- ey -

WR2 = (1/2)

M2AV = (1/2

where:

A2S = 0.53992

AI2
18
Z WA2QAR(AP2;-AP2k)
n=2
18
)III(AP21'AP21,)]E:HZH(APZI-Aqu)
n=2.
i =n-1
K = n+l

WA2QAn = 1000¢P24°M2a[ (Y/R)(1/T2n)(PS2n/P2n)$ ((Y+13/Y) 1$(1/2)
M2n = {{2/(7-1) ]I (P2,sPS2,) 4 ((Y=1)27)~1]134(1/2)

PS2, ® Ca*PS2AVOA+(1-Cn)PS2AVOB

R = 287.05

v = £(T2AV)




AP2a = AP2S,[1+A(TNIAV=294)}}2
uhere: A = 16.2¢10°¢

Table Of Pressure And Temperature Relations And Areas

n P2 c T2 AP2S
1 - - - 8.72712
2 PBO2AVOH 0.013¢ T2AVOD .| 0.71756
3 F302AV0G 0.0334 T2AVOD 0.7033¢6
4 P302AVOF 0.053% T2AVOD 0.6892¢4
H S02AVOE 0.0736 T2AVED 6.67533
[ PRO2AVOD 0.0937 T2AVED 0.66149
? FBC2AVOC 0.1137 2AVOD 6.647387
i P302AV0B 0.1473 T2AV0D 0.62538
S P302AVOR 0.1874 TZAVOD 0.59897
1t P2AVOD 0.26403 T2AVOD 0.56510
1 P2AVOC 0.4203 T2AVIC 0.45708
12 P2AVOB 0.6232 T2AV0E 0.34903
13 P2AVOA 0.85038 T2aAV0A 0.24097
14 F2IZ2AVOE 0.8829 T2AVOA 0.21102
1s PSI2AVOD 0.9397 T2AVOA 0.20588
15 P3TZAVOC 0.9365 T2AVOA 0.20030
17 F2I2AVEB 0.9772 T2AVOA 0.19579
18 PBI2AVOR 0.9908 T2AVOR 0.1908¢
19 - - - 0.187290

~d -

Calculate: M8 = {[2/¢y~1) JI(P7AV/PAMBI4((Y-1)/Y)~1124C1/2)
where: ¥ = £(PS,TIS,FAR)
where: For PAMB > 0.53685°P7AV
PS = PAIB
TS = TIAV(PAMB/PTAV)$0.2592¢
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For PAMB S 0.53685¢PJAY
PS = 0,53685°P7AV
TS = 0.35106¢T7AV
For M3 2 1
WIS = 1000¢P7AVOAS[(Y/R')I(I/TIAVI(2/(Y+1))4(Ly+1)/(Y-1))14(1/2)
For 18 < 1

WIS = 1000sP7AVeNBASI(Y/R")I(1/TIAVI(PAMB/PTAV)$( (Y4}
where: A2 = ASS(1+A(TMZAV-294) 142
where: A = 11.52¢10°¢
A8S = 0.237¢
R' = 8316.32/70M

7Yy 14(122)

where: MW = £(PS7AV,TS7,FAR) or as specified by each facility .

WAIE = WIs-(WF/1000)

CD8 = WRI1/WAIS

2 ve @ (I PN E R

For M8 > 1
FGIS = {[2(2/(Y+1))4(1/Cy=1)) J(PTRV/PAN3)~1)PAMBeAS
ror me s 1 J[RQR/G+INO/A-D)(PIAV/ brrr8) - |
FGIS = ToPAMBemsi2eA8  The owe s svktractek
0 terms,

L‘;/:IGHT E‘C(‘

] PAN B AE

AFter the r'/“’"‘i“‘"




where: A8 is defined in Station 8 sirflouw calculatien

v = £(PS,TS,FAR) or as specified by each facility *
o where: For PAMB > 0.53685°P7AV
PS = PAMB

TS = TTAV(PAMB/PTAV)$5.25926
For PAMB £ 0.53685¢P7AV

PS = 0.53685¢P7AV

TS = 0.85108°T7AV

# CG8 = FG/FGI8

CVs = CG3/CD8

FN = FG~FRAM
uhere:
FRAM » {WA171000){2¢ReT2AV(Y/{Y=1))[1~-(PAMB/P2AV)$((Y-1)/7)1}4(1/2)
where: v = £(T2aAV)
' R = 287.08

o g
!




SFC = WF/FN

FAR = (WF/1000)/WA1

CALCULATIONS USING ROTOR SPEEDS
NLPER = NL/58.58
KHPER = NH/97.0

NLQKH = NL/NH

pPRESSHRT AND TEMPrD T Bamy ND EFFTCYE
-er - va meoratyr
PSQ2 = PSAV/P2AV
P7Q2 = PTAV/P2AY
T5Q2 = TSAV/T2AY
T7Q2 = TTAV/T2AV
RAM Ratie

P2QAMB = P2AV/PAMB
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Sonpressor Pexformance
P3Q2 = P3AV/P2AV
T3Q2 = TIAV/T2AV

EC = [P3Q24((Y33-1))/725)~1)/(T3Q2-1)
where: 7vzy = (2/3)73+(1/3)7y!
where: Y3 = £(T2aAV)
Y3' = fIT2AVeP3Q24((Y2~1)/7;2)]

Mozzle Pressure Ratio

P7QAMB = P7AV/PAMS

- * ne

Altitude

For PAMB > 22.63273

ALT = 158.1[1-(PAMB/101.325)40.19025431/0.00356616
For 5.47485 < PAMB S 22.63273

ALT = 11000-[6341.545°1n(PAMB/22.63273)}]
For PAMB < 5.4748S8




A-50

ALT = 20000 + {216650 [ (5.47485/PAMB}+0.029271-1)) }

ELIGHT MACH NUMBER
M= {{2/0Y-1) 1 (P2AV/PAMBI$((Y-1)/T7)-1]34(1/2)
where: ¥ = £(T2aV)

Revnolds Humber Index

RHI = {(P2aV/101.325)1CT2AV/2288.15)+0.383111)
s(1.38311CT2AV,288.15)¢2])

BOL NS TH ST LTVE TATET

recsi am
§ = P2AV/101.325
é = T2AV/238.1%

o' = 8§C1/2)

Aixfloy

WAIR = WAle0'/S
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Euvel Floy
WFR = [WF/(8¢9') J(LHV/62960)
.
Thryst
FGR = (FG/8)+(A8/8)(PAMB-(P2AV/RANSPC) }
where: RAMSPC = 1.0 for P2QAMB S 1.03
1.06 for 1.03 < P2QAMB S 1.15
1.3 for 1.15 < P2QAMB S 1.5
1.7 for 1.5 < P2QAMB
or
1.0 for Sea level and Out Door Stands
A8 is defined in Station 8 airflou calculation
[ FNR = FGR-FRANSP
whezre: TFRAMSP = 0.0 for P2QAMB € 1.03
0.09777°LALIR for 1.03 < P2QAMB S 1.18
X 0.20669°LAIR for 1.15 < P2QAMB 1.5
0.28539°KALR for 1.5 < P2QAMD

FSLS = (FG/L)+(A8/5)(PANMB~P2AY)

Specific Fyel Consymption
. SFCR = WFR/FNR

SFCSLS = WFR/FSLS

Fuel-Airp x':‘Q




FARR = (FAR/)(LHV/62960)
Rotor Speeds

KLR = NL/o'

NLPERR = NLPER/0'

NHR = NH/#°

NHPERR = NHPER/O'

RE T

ga\-vpnﬁj on Parameters

8D = P2AV/P2SPEC

whexre: P2SPEC = 20.684
36.674

82.737
161.325
éD & T2AV/T2SPEC
where: T2SPEC = 253 Zor
268 for

288 for
308 for

6D’ = #D$(2/2)

D
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dirfloy

WAIRD = WA1+8D'/8D

Fuel Floy

WFRD = [WF/(8D*6D’ ) 1(LKHV/62960)

Ihzust
FGPD = (FG/ED)+(A8/8D)[PAM3~-(P2AV/RAMSPC) ]
where: RANSPC = 1.0 for P2QAMB £ 1.03
1.06 £or 1.03 < P2QANB £ 1.15
1.3 for 1.15 < P2QAMB £ 1.5
1.7 for 1.5 < PQANM3

A8 is defined in Station & airflow calculation

FNRD = FGRD-FRMSPD
where:
FRMSPD = 0.0 for P2GAMB

0.0057598°LALRD*T2SPECH(1/2) for 1.03 <

0,0120451 *WA1RD*T2SPIS{(172) for 1.15 < P2QAHB

0.0168108 *WALRD*T2SPECH(1/2) dfor 1.5 <

-v

~n

[

¥

=X

w
AIAIA

g
AR

W

secific Fyel Consumotion

SFCED = WFRD/FNRD
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Iuel-2ix Ratio

FARRD = (FAR/8D)(LHV/62960)
Pogor Speeds

NLRD = NL/6D'

KLPRRD = NLPER/¢D'

NHRD = NH/8D'

NHPRRD = NHPER/6D'




9.4 NOMENCLATURE

The nomenclature to be used for the UETP is presented in the

following table,

Parameter
ALT
A2
A2S

A7a - A7R
A8
A8S

CDh2

FGI8

K1, K2

TABLE OF SYMBOLS

Parameter Identification

Altitude
Flow area at Station 2

Station 2 flow area measurement
at 294 K

Station 7 area weights
Flow area at Station 8

Station 8 flow area measurement
at 294 K

Station 2 flow coefficient based
on Station 1 (Facility) airflow

measurement

Station 8 flow coeffizient based
on Station 1 (Facility) airflow

measurement

Coefficient of thermal expansion
of fuel

Exhaust nozzle thrust coefficient
Exhaust nozzle velocity coefficient
Compressor efficiency

Fuel air ratio

Gross thrust measured by facility
Ideal one-dimensional qross thrust
Net thrust measured by facility
Calculated flight ram drag

Puel flow turbine meter K factors

Units

m2
m2

m2
m2

m2

1/K

kN
kN
kN
kN

cycle/ml
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MI2

M2AV
M8

g §

NHPER

NL

NLPER

NLQONH

PAMB
PO4AV
POSAV
POSAV
P2AV
P2AVOA

- P2AVOE
PS2AV
P2QAMB
PIAV

P3AVOA
- P3AvoC

Calculated flight Mach number

One-dimensional, ideal Mach number
at Station 2

Average Mach number at Station 2

One-dimensional, ideal Mach number
at Station 8

Molecular weight of exhaust gas

High pressure compressor rotational
speed

High pressure compressor percent
of rated rotational speed

Low pressure compressor rotational
speed

Low pressure compressor percent
of rated rotational speed

Ratio of low pressure compressor
speed to high pressure compressor
speed

Ambient pressure

Average pressure at Station 04
Average pressure at Station 0S5
Average pressure at Station 08
Average total pressure at Station 2
Average ring total pressures

at Station 2

Average static pressure at Station 2
P2AV/PAMB, RAM Ratio

Average total pressure at Station 3

Average ring total pressures
at Station 3

RKg/Kg -~ mole *
RPM

kPa
kPa
kPa
kPa

kPa

kPa

kPa

kPa

kPa




P3Q2
PS31AV
P5AV
P5Q2
P7AV
P7AVOA
- P7AVOR
P7QAMB
P7Q2
PS7AV
R

R

RNT
SG60
SFC

TM1AV

TWP
T2AV

T2AVOA
~ T2AVO0E

T3AV

T3AVOA
- T3AvO0C

T3Q2

.uﬁi

P3AV/P2AV

Average static pressure at Station 31
Average total pressure at Station §
PSAV/P2AV

Average total pressure at Station 7
Average ring total pressures

at Station 7

P7AV/PAMB

Engine Pressure Ratio, P7AV/P2AV
Average static pressure at Station 7
Gas constant of air

Gas constant of exhaust gas

Reynolds number index

Specific gravity of fuel at 289 K
Specific fuel consumption

Average duct metal temperature at
Station 1 and Station 2

Fuel temperature

Average total temperature at
Station 2

Average ring total temperatures
Station 2

Average total temperature at
Station 3

Average ring total temperatures

at Station 3

T3AV/T2AV

kPa

kPa

kPa

kPa

kPa
J/ (kg*K)
J/ (kg-R)

g/ (kN-s)
K




T5AV

T5Q2
T7AV

T7Q2
TTAVOA
- TTAVOR

T™M7AV

WAL
WA2
WAI2

WAIS

WFEl, WFE2

WFELAC,

WFE2AC

WFELV,
WFE2V

w18

Average total temperature at
Station 5

TSAV/T2AV

Average total temperature at
Station 7

Engine Temperature Ratio, T7AV/T2AV
Average ring total temperature
at Station 7

Average exhaust nozzle metal
temperature at Station 7

Facility airflow rate measurement
Alrflow calculated at Station 2.0

One-dimensional, ideal afrflow
at Station 2

One~dimensional, ideal airflow
at Station 8

Facility fuel flow measurement
Fuel mass flow rate measured at
engine flow meters (On Summary

Output Sheet - frequency output
of engine flow meters)

Frequency output of engine flow
meters

Fuel volumetric flow rate measured
at engine flow meters

One dimensional, ideal exhaust gas
flow at Station 8

Pressure correction to Sea Level
Ratio of specific heats

Ratio of specific heats at engine
inlet

kg/a
kgq/s
kg/s

kg/s

q9/s

g/s

Rz

ml/s

ka/s



2.

Y Bffective ratio of specific heats
21 across the comoressor
1 ]
Y Ideal process ratio of svecific
3 heats at compressor exit
A Coefficient of thermal expansion 1/k
of metal
8 Temperature correction to Sea Level
v Fuel viscosity csSt
Suffixes
D Parameter corrected to desired
conditions
R Parameter is corrected to Sea Level

conditions, desired RAM ratio and
for fuel lower heatina value

9.5 DATA PRESENTATION FORMAT

A standard data presentation format sheet will be included in each
varticipant's final data package. ,The standard units to be used for the
Test Summary Sheets, the Test Conditions Summarv Package, and the
Engineering Units Tape will be the International System of Units (SI).
The units are as follows:

PARAMETER sI
Pressure kilopascals
(kPa)
Temperature kelvin
(X}
Aflrflow kilograms/
second
(kg/s)
Fuel Flow grams/second
{Mass) {9/%)
Fuel Flow mililiters/
(Volume) second
(ml/s)
Frequency hertz
(Bz)




A-60

Rotor Speed revolutions/
min
(RPM)
Rotor Speed percent
(Percent) (%}
Thrust kilonewtons
(kN)
Specific Fuel grams/kilo-~
Consumption newton’second
(g/kN"s)
Altitude meters
{m)
Power Lever degrees
Angle (deq)
Lower Heating joules/gram
Value (3/9)

The Test Summary Sheet is presented in Table IV,
9.6 FORMAT FOR DATA TRANSMITTAL

Steady-state data readings selected from the data will be sent to the
UETP participants on digital magnetic tapes supplied by the requestinag
agency along with a summary of each data reading after the Chairman of
Working Group 15 has approved their release., The general format for the
data tapesg and the summary are described below. The number of
steady-state data points per tape will be variable depending upon the
frequency of testing and the number of data points per test period. A
brief written log will he included with each tave.

Tape Format

The tapes will be non-labeled, fixed record length (vhysical and logical
record length equal 132 bytes), 9-track, 1600 BPI, ASCII code with odd
parity. Each logical group of information on tape will be of the form:

RECORD #
1 Kevword MSUB MREC
2 Description of Data
3 N
4 X(1) X(2) ..ieeees X(1)
n X(3) ... X(n=1) X(n)
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Reyword MSUB MREC: A six-character alphanumeric word which identifies
the type of information contained in the grouo followed by two inteqers.
MSUB Indicates the number of subgroums contained within the group. MREC
indicates the number of records contained in the groum, not including the
keyword record, Format: (1lX, A6, 20I6, 5X)

Description of Data: Signal record of free form alphanumeric information
which describes and defines subgroups of information. Format: (1X 21A6,
5X)

N: An integer which indicates the number of units (words or word pairs)
of information. Format: (1%, 21I6, 5X)

X: N units of data of type specified by kevword. Format: Deoendent on
group type. 1ID and UNITS grouos will be (1X, 21A6, 5X). CALCULATION,
ENGINE DATA and FACILITY DATA groups will be (lX, E15.8, Al, E15.8, Al, *
El5.8, Al, E15.8, Al, E15.8, Al, El5.8, Al, E15.8, Al, E15.8, Al, 3%X).

Wwith this structure for each logical grour of information, the tave can
be read in the following manner:

JJ Read REYWRD,MSUB,MRED Reyword MSUB MREC
If (KEYWRD = AAAARAA) Go to KK

If (KEYWRD = BBBBBB) Go to LL

RK Do MSUB times, then return to JJ
Read DESCRIPTOR Description of Data
Read N
Read (X(I), I =1, N)

LL Skip MREC Records
Go to JJ

Note: "Read” means read under format control
the logical end of tape will be denoted by a physical end of file mark.

All alphanumeric information will be left justified within its denoted
field.

TAPE CONTENT
There will be five types of logical groups of information with subarouo

structure handled by descriptor of type of data. Following is a
description of each group (subgrouo) that will be on tape.




ID GROUP

Keyword
Descriptor
N

ID

UNIFORM ENGINE TESTING PROGRAM

21

The ID group will contain alphanumeric invormation to uniquely identify
the accompanying steady state data point.

Word
1-12
13-17
18-19
20
21

UNITS GROUP
Keyword
Descriptor

N

USA NASA LEWIS RESEARCH CENTER

Alphanumeric

PSL-3

YYMMDDHHMMSS

YYMMDD

NNNN

* YY Year (81)

MM - Month (01-12)
DD Day (01-31)
HH - Hour (00-24)
mm - Minute (00-60)
ss Second (00-60)
: UNITS 1 3
: CUSTOMARY SI

18

Purpose
Location
Pacility

Date Recorded*
Date Processed*

Data Point Number

The descriptor and the units given will be those actually used on the
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tape, that is, either Customary or SI, not both.

Nord Units Parameter
1-2 LBF/IN2 | KPA Pressure
3 RI K Temperature
45 L3M/SEC | KG/S Airilow
6 L3M/HR | G/S Fual Flow (WP, WFE)
7 GFM | HL/S Fuel Flow (WFEL1AC, WFET2AC)
8 KZ | HZ Fuel Flow (WFEl, WFE2)
9 RFM. | RPM Rotcr Speed
10 %1% Rotor Speed (Percent)
11 LBF 1 KN Thrust
12-13 L3M/HR7LBF | G/KN.S Srecific Fuel Consumption
16 FT 1 M Alzitude
15 DEG | DEG Pouer Lever Angle
16-17 BTU/L3M | J/G Louar Heating Value
13 MIL/t Engine Vibration

The information units in the following grouss will ocecur in word pairs.
The £first word of each pair will be tne value in engineering units, the
second word will be an alpnanumeric £13¢ character; it will be either
blank ( ) or contain an asztarisk (¥). I it 1s blank its accompanying
data value s goed dats. If it contains an asterisk, its accompanying
data value is erroneous or at least quastionable.

The following groups are based on the data taken and calculations made at Leuis
Research Center. 7The tape Zormat is defined so that each Zfzzility Can gasily.
customize the information repcrted on %*ade to fit their cun data and calculations.
The Calculation Group and Engine Data Group should be essenticlly the sane for
all facilities, however the Facility Data Greup would be expacted to vary with
each facility. Each fzcility should provide an index for tneir tapes which
identifies the information in their Facility Data Group and .ny other deviations
froa the following list.

[ " - ».

Keyuord : CALC 8 31
Descriptor : Dependent on subgroup
N : Dependent on subgroup

The subgroups are as follous:

aescziptot : ggnnxn! OF TEST CONDITIONS
Word Value
Pair

1 ALY 9 TN

2 RNI 10 NLPER

3 P2avV 11 NHPER

& TIAV 12 SFC
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P3AV
Rescziptor

Word Value
Pair

acscriptor

Word Value
Pair

aescriptor

Word Value
Pai{

?;ATION AVERAGES
PS31AV
av

9
]
1
2 T7AV
3
4

50 0t s et 4t et

3
16 POSAV

AIRFLOW
b
¢ l.v_,*.l

9 Uaxs
10 Cr3

SPEEDS

ermir ]

17 Posav




4 NLPERR 12 NHRD
S NH 13 NHPRRD
6 NHR
7 NHPER
8 NHPERR
aeseriptor H {gzz FLOW
gagd Value
dip 4R
4 WFE]
$ WFE2
gescriptoz : iHGINE PRZS. & TEMP. RATIOS
gogd Value
air
1 (3 792
2QAMB
¢ P7QaMB
Descriptor : gcnpnssson PERFORMANCE
Wozrd Value )
Pair
1 P3Q2
2 T3Q2
3 EC

ENGINZ DAZA GROYUR

Keyuord ¢ ENGDAT 3 33
Descziptor : Dependent on subgroup
N : Dependent on subgroup

The subgroups are as follous:

Descriptor : PRESSURES

N : 126

Word Value

Pair
1 PsS2a0} 9 P2A09 17 p2Dpo9
2 PS2301 10 P2BOO 18 P2509
3 PS2A10 11 Pacee 19 P2Als

25 P2B327
26 P2C27?
27 P2Dp2?

A-65



aascriptor
Word Value

NOPOMPUW NPV LN

WL

PS2310
PS2A19
PS2B19
FS2A23
PS2B28

F3L2E0S
PEL2F03
P3L2G0S

FBL2DO?

PS7R09
FS7A09

P7pP28
P7R28

T2A14
T2814
T2Cl4

00 9t st ot 0t -0 4t
VMO UNIOO

L o
-

S > H
weaun

P2D00
P2E0Q
P2A09
P2B09
P2C09

PBL2EQ?
P3L2A23
pP3L2323
PBL2C23
P3L2D23
FBL2E23
PBL2723
PBL2G23

P7I01
P7K01
P7MO1
F7001
P7Q01
P7310
P7D10
P7F10

POGASS
P04ACS
PO4GAL?
PO4A2S
POSR3S
P0S5SA03
P0S5A17
PO5SA26

Nrtrspdriptpt s 00N 0P0ECI0I00 08 WIIAALILALIWLASL NN
COMNIRNLU YOI UNI USRI~ O O HLAIOD

54 5t ot Yt ot 4t bt et

WRARIA S NNIRIRIN) -4 0 ps
HEIHOG SN Q0

P2B13
pP2Cis
P2D1s
P2E18
P2A27

P3L2H23
PBL22A2S
PBL2B25
FBL2C25
PBL2D25
PBL2E25
PS13A05
P3A0S

?7C19

PO2A03
PoaAl2
PO8A21
PO3A30
Mop
PMB
PFO
PF2

P2E27

PBL2XOS
PBL230S
PBL2COS3
PBL2DOS

P3B08
P3CO3
P3A28
P3323
P3C28
PS3I1A03
PS3I1A33
PSAV3O

PIE19
PIG19
P7I19
P7K19
PIM19
P7019
P7Q19
P7B28

PB

PCP
P314Aa12
PB14A21
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38 T7G1¢ %6 T2r19 56 T2C28 62 TBI4AL2
39 T7110 47 TIH19 35 T7E28 63 TB14B12
40 TIK10 %3 T7J19 56 T2Gas 66 TB1cA21
¢S TBl4B2)
66 TOILCOOL
&7 MOT
63 Tro
69 IWr
Rcscxiptcr ¢ NMISCELLANEOUS
Hord Value
Pair
1 WFElAC 9 VCBH
2 WFE2A 10 VCBY
3 WrEl 11 NLAC
& WFE2 12 NHAC
S VIC
6 VDG
7 vVIC
3 VAD
E2CILITY DATA GROup
Keyuord ¢ FACDAT 3 25
Descriptor : Dependent on subgroup
K ¢ Depandent on subgroup
The subgroups are as follous:
aoseziptor : ggzssux:s
Word Valus
Pair
1 PSO0AQ0 9 PSO1B2¢4 17 PS0322¢ 25 P3L1CO3
2 PS00a09 10 PSA2290 18 PS0332¢4 26 PBLIEQS
3 PSOOA2Y 11 PSo2al2 19 PS1:00 27 P3L1G08
4 PSO1A00 12 PSQ2x2¢4 29 PS1A09 28 PBL1I0S
$ £S01300 13 PSO3A00 21 PS1A18 29 FBLIKOS
6 PSO01A12 14 PS03200 22 FS1A27 30 PBLINMOS
7 PS01B12 1% PSBIAL2 23 P1ics 31 P1AY?
8 PSOLlA24 16 PSQ3312 24 PBL1ACS 32 PBL131?7
33 PRLID1? 4] PBLIC26 49 PBLID3S 57 PS1Ale
3¢ PBLIFL? 42 PALI1E26 S0 PBLIF3S S8 PS1Blé
35 FBLIH1? 43 FBLIG2S 31 PBL1M3S 59 FS1C16
36 PEL1J1? &% P3L1I26 32 PF3L1JIS 60 PSID1¢
37 P8L1L1? 45 PBL1L26 53 PELIL3S 61 PlAle
38 P3LINL17 46 PSLIM26 56 PABLIN3S 62 P1314
39 P1A2¢ 47 PlASS 55 PS1Al3 63 PICle
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40 PBLIA2S 43 P3L1B3S 56 PS1A3l 66 P1D14
65 PS1A32 73 PS2BO1T 81 PSTLO 89 PTNKS
66 PS1832 76 psaa1m 82 PINK1 90 PTNKY
67 PS1C32 75 PS2A3SH 83 PINK2 91 PINK?P
68 PS1D32 76 P2COOT 84 PTHKS3
69 PlA32 77 P3BOST 85 PINKG
70 Pl13a32 78 FS31A03T 86 PTNKS
71 PlC32 79 POSA09T 87 PINKS
72 P1D32 80 DPFLO 38 PTNK?
Descziptor : EEHPERATURES
Word Value
Pair
1 ToaA 9 TO0OC13 17 TMIASS 2% TTANK2
2 To0B0O 10 TOOD1S 18 TilAl4 26 TTANKS
3 Too0C30 11 T00327 19 T1314 27 TTANKS
4 TgoDOO 12 Too0C27 20 TIiCl4 28 TTANKS
5 700309 13 TooD27 21 T1a3R 29 ANKS
6 T20CO9 14 THM1AO? 22 T1B32 30 TTANK?
7 T08D09 15 TM1ALS 23 TiC23 31 TTANKS
3 780818 16 TM1A2S 24 TTANK]1 32 TTANKY
33 TTANK1O 4l TULROD
36 TFNLL 42 TLRROD
35 T2 &3 TURROD
36 TFr2Ll
37 TrPL2
38 TFFAC
39 TSFLO
40 TLLROD
gcscriptor : TESCZLLANEOUS
Word Value
Pair
1 mLl 9 WFIND
2 FuL2 10 PLA
FPL1

WFL2AC
WFH1AC

3

4 FPL2

z WEFLLIAC
?

3 WTH2AC
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9.7 SUGGESTED PZRFORMANCE PARAMETERS
The objective of the Uniform Engine Testing Program is the comparison
of performance parameters as processed by the various test centers.
There must be sufficient commonality of instrumentation and procedures to
permit data interpretation and analysis. Although the instrumentation
will not be extensive enough to permit accurate evaluation of absolute
levels of performance, comparative results can be obtained by using the
same instrumentation and calibrations, e.g., mv to k, at the various test
sites, A common set of parameters is required., The provosed
instrumentation layout has been designed to allow calculation of
representative performance parameters. These should permit comvarison of
calculation techniques as well as engine deterioration. It is proonosed
that the following engine varameters be computed bv all varticipants and
submitted in addition to the basic pressure, te-perature and flow data:
SUGGESTED PERFORMANCE PARAMETERS*
INLET
1. Actual and corrected airflow
2. Reynolds number index
3. Inlet Mach number
4. Inlet Flow coefficient
s. (5-) RMS, 0 < £ < 1000 Hz
OVERALL
1. Rotor speeds - actual and corrected
2. Ratio of rotor speeds
3. Fuel flow - actual and corrected
4. Engine pressure and temperature ratios
5. Nozzle pressure ratio

6. Thrust and specific fuel
consumntion - actual and corrected

» A preliminary list of equations is
included in Section 9.6,
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COMPRESSION SYSTEM

1. Pressure ratios
2. Temperature ratios
3. Adiabatic efficlency

Pressure and temperature instrumentation at the exit of the high
compressor has been requested to permit the calculation of representative
comoressor efficiency. While not "true”, in an absolute sense, the
calculated efficiency would serve to illustrate differences in
computational methods and techniques for evaluating thermodvnamic
properties. Comparison of the efficiency throughout the program will
permit evaluation of engine deterioration.

EXHAUST NOZZLE

1. Plow coefficient = £(WAl, WFE)/f (P7AV,
T7AV, PAMB, A8).

2, Thrust coefficient = £(FG Meas)/f
(P7AV, T7AV, PAMB, A8).,

3. Velocity coefficient = f(FG Meas)/f
(P7AV, T7AV, PAMB, WAl, WFE).

The purpose of these calculations is to provide a basis for
comparative evaluation of normal facility airflow and thrust
measurements, The levels or trends of the flow coefficient relative to
the effective velocity coefficient (ratio of "Measured” effective
velocity to ideal effective velocity) are different if the error is in
jet thrust rather than airflow. Such comparisons can be used to increase
confidence and detect gross anomalies in facilitv measurements,

9.8 PERFORMANCE PLOTS

A standard set of performance plots for each test condition will be
included in each participant's final data package. The Standard Agard
Engine Performance Plots are shown in Figures l0a., b., c., 4., e,, and

9.9 DATA AND REPORT TRANSMITTAL

Ten coples of the facility final data package should be transmitted
to the Chairman of Working Group 15 within 60 calendar days after test
completion (2nd engine preservation). The final data package should
include documentation (i.e. test summary report) that briefly explains
the data, test procedures, test article, and test facility. Twenty
copies of the facility final revort should be transmitted to the chairman
within 140 calendar days after transmittal of the final data package,
Distribution of the data package and test report will be made only to
thogse facilities that have completed the test proqram and transmitted the
final test report to the chairman,

R e LT
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10.0 ERROR ASSESSMENT

Bach participant's test plan will include a pretest estimate of the
measurement uncertainty anticipated for engine airflow, net thrust and
specific fuel consumption at the target speed (see Section 8)., The
measurement uncertainty analysis to be used is the method prooosed by Dr.
R. B, Abernethy and J. W. Thompson, Jr. which is presented in "Handbook -
Uncertainty . Gas Turbine Measurement", AEDC-Tr-73-5. Pretest
measurement uncertainties will be made for the following test conditions
at the target engine power NH as specified in Section 8.4:

Facility Inlet Pressure Ram Ratio Inlet Temperature -
Altitude 82.7 (RPa) 1.00 2889K <
Altitude 20.7 (KPa) 1.30 288°K -
Sea-Level 100.0 (KpPa) 1.00 288°K !
Sea~Level* 100.0 (RPa) 1.00 288°K

* At a low NH engine power setting to be specified by the Overview
Committee,

A posttest measurement uncertainty estimate of engine airflow, net
thrust, and specific fuel consumption will be made at the target soeed of
each cest condition and will be included in the participant's final test
report along with an estimate of the elemental source errors for each
individual measurement used to derive these parameters. The final test
report will contain four tables relating to measurement uncertainty.
Examples of the recommended format for the measurement uncertainty tables
are presented in Tables V-VIII.,
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11.0 REPORTING
11.1 PACILITY TEST PLAN FORMAT
Revision Sheet
Table of Contents
Section 1.0 Introduction (Background)
Section 2.0 Test Objectives and Responsibhilities
Section 3.0 Description (Installation)
3.1 Test Facility
3.2 Engine
Section 4.0 Testing
4.1 Test Conditions
4.2 Procedures
Section 5.0 Instrumentation
5.1 Test Cell
5.2 Engine
$.3 Calibration Procedures
Section 6.0 Data Handling
6.1 Calculation Procedures
6.2 Data Adjustment Procedures
6.3 Error Evaluation
Section 7.0 Schedule
References
Tables

Pigures
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11.2 PACILITY TEST REPORT (to be specified bv Overview Committee)

Tentative outline is:

Cover

Preface

Table of Contents

Nomenclature

Section

Section

Section

Section

Section
Section
Tables

Pigures

l.0
2.0

3.0

4.0

5.0
6.0

Introduction

Apvaratus

2.1 Test Pacility

2.2 Test Article

2.3 Test Instrumentation

Test Description

3.1 Test Conditions and Procedures
3.2 Corrections

3.3 Data Reduction

3.4 Uncertainty/Precision of Measurement
Testing Results

4.1 Techniques used for Data Analysis
4.2 Results

Concluding Remarks

References

(Standard Format Plots to be provided by NASA from each
test participants AGARD data tape)

Appendices




12.0 ENGINE PRESERVATION AND SHIPPING
(Refer to T.0. 23-357-13 for Official Procedures)

12.1. ENGINE PRESERVATION (Altitude Facilities)

1.

8.
9.

10.

The engine fuel system will be preserved after comvletion of
testing using oil conforming to Military Svecification
MIL-L-6081, Grade 1010.

Prior to cell air-on, disconnect pressurizing and dump valve
control tube at dump valve and discard oil seal. Plug end of
tube with suitable fitting and leave dump valve connection open
to cell ambient pressure.

Disconnect fuel in-line to fuel pump and connect it to 1010 oil
supply at 172.37 kPa g (25 psig) pressure, O0il temperature
should be greater than 283.15°K (50°F).

Set conditions P2 = PAMB = 55.16 + 1.38 kPa (8 + .2 psia), T2 =
ambient temperature.

Ensure engine ignition remains de-energized for this program
procedure,

Slowly increase P2 to achieve N2 = 1500 + 100 rpm. Record
Transient Data,

CAUTION
A. Ensure N1 indication,

B. Ensure MOP _ 330.95 kPa (48 psia)
within 15 sec after start windmill,

Advance PLA to military setting (90 deqg)., When opreservation oil
is observed flowing from drain, slowly retard PLA to cutoff (0
deg). Return to military setting, and return to cutoff. RTD,

Return test cell to ambient conditions.

Using a new seal, install and secure dump valve control tube and
lockwire nut.

After completion of fuel system oreservation, engine oil shall
be drained by opening main oil drain valve, oil inlet drain
valve, filter drain valve (located on oil pumps and accessorv
drive housing), two tank drain valves, and drain plug on
accessory drive adapter.




11.

Allow engine to stand until excess oil has drained: close drain
valves and replace drain plug. Coat drain plug with
preservative oil prior to reinstallation.

12.2 ENGINE PERSERVATION (Sea-Level Test Facilities)

1.

Engine fuel system shall bhe preserved after completion of
testing using oil conforming to Military Specification,
MIL-L-6081, Grade 1010,

CAUTION

Extreme care shall be taken to prevent foreign material
from entering engine fuel svstem. Equipment shall be
provided with filters and/or strainers of no coarser mesh
(200 mesh) than those used in engine.

Disconnect pressurizing and dump valve control tube at dump
valve, and discard oil seal, Plug end of tube with suitable
fitting and leave dump valve connection open to atmosphere,

Disconnect fuel in-~line to fuel pump and connect it to supoly of
slushing oil at pressure of 2 -- 25 psig, at temperature of
500 == 90OF (10° -- 320C),

With ignition OFF and with test stand fuel shutoff valve CLOSED,
move power lever to FULL OPEN position. Motor engine with
starter until preservation oil is observed to flow from dump
valve overboard drain. During motoring veriod power lever shall
be moved from MILITARY, to OFF, to MILITARY,

CAUTION

Ensure drain valve control tube elbow is correctly
installed and has not been inadvertently located in
MILITARY pressure tap opening.

NOTE: Check main oil fuel pump, and fuel control strainers,
for evidence of leakage.

Using new seal, install and secure dump valve control tube and
lockwire nut.
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6. After completion of the fuel system preservation engine oil
shall be drained, by opening main oil drain valve, oil inlet
drain valve, filter drain valve (located on oil pumps and
accessory drive housing), two tank drain valves, and drain plug

on accessory drive adapter.

7. Allow engine to stand until all excess oil nas drained; close
drain valves and replace drain plug. Coat drain plug with
preservative oil prior to reinstallation.

12.3 ENGINE WATERWASH

Only in the unlikely event that a 10.47 Hz (100 rpm) drop in rated
speed occurs, should an engine waterwash be considered. NASA has no
plans to 4o a waterwash and, following a Pratt and Whitnev's suggestion,
recommends that it not be done unless absolutely necessary and then only
with approval of the steering committee.

12.4 SHIPPING
To be specified by AGARD Working Group.
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TABLE III (Continued)

C. Sea-Level Facilities-Bleed Closed Settings

SPEED
SETTING

HIGH COMPRESSOR
SPEED CALCULATION

HIGH COMPRESSOR SPEED, NH

N1

MIL

N2

(N1+N3)
2

N3

+
NBVC 30

4

(M2+N3)
2

NS

(N1+N2)
2

N6

(N2+N4)
2

(N3I+N4)
2

N8

(N2+N5)
2

RPM

(N1+NS)
2

svct
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TABLE III {(Concluded)
D. Sea-lLevel Facilities-Bleed Cpen Settings
TEST POINTS - LOW RANGE
TEST
POINT SPEED CALCULATIONS HP SPEED (N2)
N1lO NBVC-BO RPM
N1 (ulo+n12) rPu
2
N12 NIDLE RPM
N13 (N11+N12) RPM
2
N14 (N10+N11) RPM
2
N1S§ (N11+N13) RPM
2
N16 (N12+N13) RPM
2
N17 (N11+N14)
2
N18 (N10+N14)
2
RPM
NBVC

ay——
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APPENDIX I

RECOMMENDED SPARE PARTS FOR J57 UNIFIED ENGINE TEST PROGRAMS

Major Parts

UPE REQ. PART NUMBER DESCRIPTION

1 2 270237 PT7 Probe

4 8 181796 TT7 Probe

1 1 9484-A22 Fuel Pump

1 1 $70377L22 Fuel Control

2 2 313093 Igniter

2 2 20300~80 Igniter Leads

2 2 20300-10 Ignition Exciters
EXPENDABLES

2 4 193837 Gasket, Oil Cooler Tubes

2 8 AS100011 Gasket, Tach Drive

2 8 326239 Gasket, TT4

1 8 254414 Gasket, PT7 Probe

3 40 342433 "o" Ring, Gearbox Drain and Remote Fill
1 20 397741 "o" Ring, 0il Filter

1 20 388064 "s" Ring, N1 Gearbox Drain
1 1 481977 Gasket, Fuel Pump Mount

2 2 385992 "o" ring Fuel Pump

4 4 M59021-219 "o" Ring, Pump Adapter

1 1 MS9021-221 "o" Ring, Pump Inlet

1 1 202199 Gasket, Fuel Control Mount
4 5 MS9021-217 "o" Ring

1 1 278529 Gasket, Temperature Sensor
4 5 MS9021-011 "o" Ring, Control

1 1 MS9020-04 "o® Ring, Control

2 15 354109 Retainer

z 15 213542 Seal

5 10 MS9021-~215 "o" Ring

10 30 354120 Retainer

10 30 213546 Seal

1 2 346648 Moisture Trao Seal
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uPE REQ. PART NUMBER DESCRIPTION

1 376466 "o" Ring, 0il Tank

2 8 403809 "o" Ring, 0il Tank

2 10 385991 "o" Ring, Cooler Line

1 4 385970 "o" ring, cooler To Tank
2 182888 Gasket, Igniter

4 8 182213 Gasket, Anti-~Ice Valve
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APPENDIX II
(Refer to T.0. 2J-J57-13 for Official Procedures)

Spectrometric 0il Analvsis Program Sample (SOAP) Limits for JS7-P-19W
Engine

Element - Maximum(*)

Fe 11 pPPM
Ag 3 PPM
Al 5 PPM
Cr 3 PPM
Cu 3 PPM
Mg S PPM
Ni 3 pPPM
Ti 3 pPPM
(*) Maximum limits of accumulated wear metal contaminants in parts

per million (PPM) concentrations.

NOTE: Notify Working Group 15 Chairman if one or more elements exceed
established limits,
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APPENDIX III
(Refer to T.0. 2J-357-13 for Official Procedures)

ENGINE OPERATING PROCEDURES

0il Service

1.

3.
4.
5.

Engine

Service with MIL-L-7808 oil. Total oil tank capacitv is 60.6
liters (16 gallons) but 7.57 liters (2 gallons) are sometimes
residual in bearing compartments,

Run engine for five mintues at idle, accel to 7300 rpm N2 for 30
seconds to scavenge oil from the bearing compartments and
shutdown,

Hot service o0il system within one hour of shutdown.

If required, take soap sample.

Pill oil tank to full mark.

Devreservation and Fuel/Oil Leak Check (Altitude Facilities)

1.

6.
7.
8.

Prior to cell air-on, disconnect pressurizing and dump valve
control tube at dump valve, Plug end of tube with suitable
fitting and leave dump valve connection open to cell ambient
pressure.

Altitude test facilities set conditions P2 = PAMB = 55.2 + 1.4
kPa (8.0 + .2 psia). T2 = ambient temperature.

Ensure engine ignition remains de-energized for this program
procedure.,

Slowly increase P2 to achieve N2 = 1500 + 100 rpm. RTD.

A, Ensure MOP 330.9 kPa (48 psia) within 15 sec after
start windmill.

Advance PLA to military setting (90 deg) until approximately
7.57 liters (two gallons) of fuel is dumped overboard at dump
valve, Check engine for external fuel and/or oil leaks.
Retard PLA to cutoff (0 deg).

Return test cell to ambient conditions,

Reconnect pressurizing and dump valve control tube,
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10.

11.

12.

Reset conditions in Step 4.

Wwith ignition de-energized, advance PLA = 26.5 deg. Observe
fogging from engine, Ensure engine fuel flow less than 1259,98
g/sec (1000 lbm/hr). Retard PLA to cutoff (0 deg) and observe
engine for proper functioning of fuel dump valves.

Windmill engine for two minutes to remove residual fuel. Return
to ambient conditions.

End of Procedure,

Engine Depreservation and Fuel/0Oil Leak Check (Sea-Level Facilities)

1.

5.
5.

Prior to initial engine stock, disconnect pressurizing and dump
valve control tube at dump valve. Plug end of tube with
suitable tilting and leave dump valve connection open to
atmosphere,

Ensure engine ignition remains de-energized for this program
procedure.,

With ignition OFF, fuel ON, and power lever CLOSED, operate
engine by starter at speed sufficiently high enough to ensure
that oil system is fully primed and that oil pump maintains
pressure indication.

Open throttle until approximately two gallons of fuel is dumped
overboard at dump valve. Check engine for external oil leaks
and check drain valves for proper functioning.

Reconnect pressurizing and dump valve control tube.

End of procedure.

Engine Starting and Shutdown (Altitude Facilities)

1.

2.

Altitude test facilities set conditions P2 = PAMB = 55.2 + 1.4
kPa (8.0 + .2 psia) and T2 = ambient temperature.

Slowly increase P2 to achieve N2 = 1500 + 100 rpm. Record
transient data,

CAUTION

A, Ensure N1 indication before moving power lever to idle
to avoid hung~start and excessive starting
temperatures,

B. Ensure MOP 330.9 kPa (48 psia) within 15 sec after
start windmill.
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3.

5.

A-121 .

Energize ignition and advance PLA = 26.5 deg. Discontinue start
if fuel flow is greater than 1259.98 g/sec (1000 lbm/hr).

CAUTION

cC. Light-up must occur within 30 sec after PLA is
positioned at idle.

D. Maximum EGT (average of 4 probes) is 723.15°K
(842°F) .

De-energize ignition system.

Obtain steady-state data. Low and high rotor speeds should be
approximately 230.4 (2200) and 6000 rpm, respectively.

NOTE: Mild compressor stalls are common with the J57 engine
at low rotor speeds. If encountered and does not
immediately clear, decel to idle power.

To ensure prover engine cooling and maximum oil scavenging, all
engines shutdowns shall be made by running the engine at idle

for 5 minutes, followed by 30 seconds at N2 = 7450 rpm, and then
closing power lever to OFP.

Observe engine for proper functioning of fuel drain valva.

Altitude test facilities return test cell to ambient
conditions.

End of Procedure.

Engine Starting and Shutdown (Sea-Level Facilities)

1.

Prior to initial start, during engine static condition, energize
ignition system and check by listening to ensure that both
ignitor are firing.

Prior to initial start, accomplish engine depreservation and
fuel/oil leak check.

Starter air supply to maintain 60 PSIG during start orocedure., *

Activate starter and ensure N1 and Nj indication. Ensure
oil pressure (MOP) 48 PSIA within 15 sec.

Energize ignition system at 806 -- 1,000 rpm (8,2 -- 10.3
percent) high compressor rotor (N2) speed,
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10.

11.

Open power lever to IDLE position (26 1/2 OPLA) at 1,200 --
1,500 rpm (12.4 -- 15.5 percent) high compressor rotor (N3)
speed. Discontinue the start if fuel flow exceeds 1,000 phr.

Record time to light from starter initiation to indication
in exhaust gas temperature (EGT).

Cut off starter at 2500-3000 rpm (26-31%) N2.

Allow engine to accelerate to IDLING speed (60% Nj) and
observe maximum EGT, Maximum allowable EGT is 450°C
(842°F), Observe o0il pressure - min, 40 PSIG.

Record time from starter initiation to IDLE speed (60% N32).

CAUTION

Light-up on MORMAL START shall occur within 30 seconds
after power lever is moved to IDLE. If light-up, as
evidenced by increase in exhaust gas temperature, does not
occur within 45 seconds, return power lever to OFF,
de~energize starting and ignition systems, and investigate
to find reasons for difficulty. Allow at least one minute
for excessive fuel to drain before attempting another
start.,

De-energize ignition system,

Record steady-state data. To ensure prorer engine cooling and
maximum oil scavenging, all shutdowns shall be made by running
for five minutes at IDLE rpm, followed by 30 seconds at 75
percent rpm, and then closing power lever to OFF position.

CAUTION

In emergency, shutdown shall be made from any power lever
position, however, if emergency shutdown is made, engine
shall be rotated by hand to ensure it is free before
another start is attempted.

Immediately following shutdown, inspect front comoressor front
bearing for 0il leakage. Record run down time for both rotors.

Check oil level and take SOAP sample if applicable. SOAP
samples should be taken after approximately 10 running hours.

End of Procedure,
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Engine and Puel Control System Check

1.

2.

S.
6.

Conduct engine start per Engine Starting and Shutdown Procedure
and stabilize for 5 minutes,

Altitude test facilities set conditions P2 = PAMB = §2.7 + .7
kPa (12 + .1 psia) and T2 = 288.15 * 1.19K (59 + 20F).
Sea-level test-facilities conduct system check at ambient
conditions.

Slowly advance PLA to determine exact N1 rotor speed at which
compressor bleed valves close. Monitor PB for indicationm.
Record Transienl Data.

Slowly retard PLA to determine exact N1 rotor speed at which
compressor bleed valves open. Record Transient Data.

CAUTION

A, Bleed valve operation must occur within limits shown
in Pig. III-1.

Set idle power (PLA = 26.5 deq).

Observed N2 should be within limits shown in Fig., III-2. Note
any discrevancies and continue. If engine is out of trim,
terminate testing and consult with AGARD authorities.

Advance PLA to engine part power overation (PLA = 70 deq).
Observe all engine operating limits in Appendix IV.

NOTE: Mild compressor stalls are common with the J57 enagine
at low rotor speed. If encountered and does not
immediately clear, retard PLA to IDLE.

Normal Overation

1.

The J57 engine does not require warmup time at idle before
accelerating to military (9090 PLA). However, at least enough
time should be spvent at idle to check engine parameters such as
TTS, N1, N2, MOP, PMB, PFO, PFl, WF, PCP, vibs and to visually
check engine for fluid leakage.

During all excursions to military, check compressor bleeds for
proper closing.

Mild compressor stalls near idle during transients are not
unusual with the J57 engine.

The control system does not incorporate inlet pressure
compensation, therefore, at some altitude conditions, PLA will
have to be modulated to prevent turbine overtemperature.
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S. During acceleration from idle to military, temporary overshoot
of TTS, N1, N2 and Gn will probably occur. Overshoot will last
from 2 to 4 minutes, decreasing during this period. As long as
engine transient limits are not exceeded, engine may be allowed
to stabilize at military.

6. Engine shutdown should be proceeded by S5-minute stabilization at
IDLE. If oil level is to be checked, accel to 764.5 Bz (7300
rpm) N2 for 30 sec prior to shutdo wn to scavenge excess oll from
the bearing compartments.

7. Ensure engine performance is comparable to Fig. III-1 through
III-S.

8. Slowly advance PLA to military power (PLA = 90 deg).

9, Check turbine cooling air requirements per Fig. IV-3
(Appendix IV).

10. Adjust ocil cooler water flowrate to achieve oil temperature out
of cooler (TOCO) of 366.5 + 5.6°K (200 + 109F).

11. Conduct engine shutdown per Engine Starting and shutdown
Procedure,

Engine Performance Testing

1. Conduct engine start per Engine Starting and Shutdown
Procedure,

2. At idle power, set test condition specified in Test Directive.
All test conditions and engine power settings are listed in
Section 8. Suggested tolerances for altitude test facilities
are: pressure * .7 kPa (+ .l psia), temverature + 1.1°9K (+
2°F), and ram ration (P2/PO) within + .58 of Jesired level.

Note that engine trim checks and trim adjustments should not be
required for the conduct of the AGARD UETP. The engines were
trimmed prior to the initiation of the UETP by NASA., 1In the
event that the desired engine power settings cannot be obtained
(due to engine "trim slip"” or "engine deterioration™), the
chairman of Working Group 15 should be contacted for direction:
and or authorization of any corrective engine maintenance
action.

3. Conduct engine shutdown per Engine Starting and Shutdown
Procedure,

4. End of Procedure,
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LIMITS EXTRACTED FROM
T.0. 2J=J57-13, FIG. 9-13

NOTE:
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FIG, III-S.
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PRESSURE RATIO AS A FUNCTION OF ENGINE PRESSURE
RATIO AT SEA-LEVEL=-STATIC CONDITIONS,
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APPENDIX IV

(Refer to T.O0. 2J-J57-13 for Official Limits)

ENGINE OPERATIONAL LIMITS (1)

DESCRIPTION

Fuel Pressure at Inlet to Engine

PARAMETER

LIMITS (2)

PFO

Main 0il Pump Discharge Pressure MOP

Main 0il Breather Pressure

Main 0il Temperature

Start Fuel Flow Rate

Low Rotor Speed

Low Pressure Compressor Bleed

Control Limits
High Rotor Speed

High Rotor Speed Idle Trim
Limits

Turbine Cooling Air Pressure

Exhaust Gas Temperature

Exhaust Gas Temperature
Individual Probe Limit

Exhaust Gas Temperature
Spread (Max~Min)

PMB

MOT

NH Idle
Limit

PCP

TSH

T5A01
thru 04

SPREAD

34.5 kPag (5 psig) - Minimum
344.7 kPag (50 psig) -~ Maximum

241.3 kPad (35 psid) ~ Minimum
at Idle

310.3 (45) + 34.5 kPad (5)
psid ~ Minimum at Military

13.55 kPa (4 in. Hg) - Maximum
Steady-State

37.25 kPa (11 in. Hg) - Maximum
Transient

394.39K (250°F) -~ Maximum
Steady-State

405.49K (270°F) -~ Maximum
Transient

1259.98 g/sec (1000) lbm/hr -
Maximum

6460 rpm - Maximum

See Fig, IV-1l

9925 rom - Maximum

See Fig. IV-2
See Fig, IV=3

723.159K (8420P) ~ Maximum
Starting

883,159 (1130CF) -~ Maximum
Steady-State

910.939K (11800F) -~ Maximum
Transient

922.049K (12000F) ~ Maximum

830K (150°F) - Maximum *
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ENGINE OPERATIONAL LIMITS (1)
{continued)

DESCRIPTION PARAMETER LIMITS (2)

Exhaust Gas Temperature
Starting ™7 722.049K (840°F) - Maximum
Steady-State

0il Temperature Heat

Exhchanger Operating Limits TOCO 366.5 (200) + 5.6°K (10°P)
Inlet Case Vibration vIC 5.0 Mils Peak~-to~Peak - Maximum
Diffuser Case Vibration vdc 4.5 Mils Peak-to~Peak - Maximum
Turbine Exhaust Case

Vibration vre 4.5 Mils Peak~to~Peak - Maximum
Accessory Drive Case

Vibration VAD 7.0 Mils Peak=-to~Peak - Maximum
0il Consumption .526 ml/sec (4 Pints/Hr) -

Maximum

Accessory Fuel Drain
Line Leakage PsD Valve 10 cc/Min - Maximum
fuel Cent. 20 cc/Min - Maximum
Fuel Pump 10 cc/Min - Maximum

NOTES: (1) Limits extracted from T.0. 2J~J57-13, Section IX,

' (2) Limits are steady-state unless otherwise noted,
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APPENDIX V
Calculation of Kinematic Viscosity Constants

Each test participant must calculate their own fuel viscosity-
temperature characteristics. The method for calculating the constants A
and B in the viscosity equation is outlined in vart X1.4 of the attached
ASTM D341, providing values of viscosity used in the derivation are less
than 2.0 cSt. Two experimental points yield two equations with two
unknowns that can be solved for A and B. A comparison of the NASA
supplied constants and the NRCC constants are shown in Figure IV.1.
While differing values of viscosity will not affect the accuracy of
turbine flow meters in the linear high-flow flow range, a potential
inaccuracy exists in the low flow range,
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ATTACHMENT FOR APPENDIX V
XI. MATHEMATICAL RELATIONSHIPS

X1.1 The charts were derived3 with computer assistance to provide
linearity over a greater range on the basis of the most reliable of
modern data. The general relationship is:

log log 2 =A ~B log T (1)
where:

(v+ 0.7+ C~-~D+E=~F + G - H)
logarithm to base 10

kinematic viscosity, cST (or mm2/s)
temperature, K or ©R

constants

exp (-~1.14883 ~ 2.65868 v )

exp (=-0.0038138 - 12.5645v)

exp (5.46491 - 37.6289v)

exp (13.0458 - 74.6851v)

exp (37.4619 - 192.643v)

exp (80.4945 - 400.468 v )

]
a

and B

HQRMoOOPHcHN

X1.1.1 Terms C through H are exponentials on the natural base e
since this simplifies comouter programming. Equation 1 uses logarithms
to the base 10 for general convenience when used in short form,

X1.1.2 The limits of applicability are listed below:

Z a2 (v+ 0,7) 2 x 107 to 2.00 cSt
23 (v+ 0.7 +C) 2 x 107 to 1.65 csSt
Z = (v+ 0.7 + C = D) 2 x 107 to 0.90 cSt
2= (v+ 0.7 +C =D + E) 2 x 107 to 0.30 cSt
2 ={(v+0.7+C-D+E~TF + G) 2 x 107 to 0.24 cst
Z=(v+0.7+C-D+E-F +G ~H) 2 x 107 to 0.21 cSt

X1.2 It is obvious that Eg. 1 in the simplified form: 1log log (v +
0.7) = A - B log T will permit kinematic viscosity calculations for a
given fluid in the majority of instances required. The constants A and B
can be evaluated for a fluid from two data points. Kinematic viscosities
or temperatures for other points can then be readily calculated.

X1.3 Older literature refers to a value called the ASTM Slove. It
should be noted that this value is not the value of B aiven in Eaq. 1.
The ASTM Slope was originally obtained by physically measuring the slooe
of the kinematic viscosity-temperature data plotted on the older charts
given in Method D 341 ~ 43. The kinematic viscositv and temperature
scales were not made to the same ratios in Method D 341 - 43. The
improved charts given here utilize even different scale ratios for
dimensional convenience and a different constant (0.7) from the older
charts; consequently, the original ASTM Slope is not numerically
equivalent to B in Eq. 1 from any of the new charts, nor directly
convertible from Eq. 1.

- -———




A-137

X1.4 The complete design equation for the chart as given in X1.1l is
not useful for inter-calculations of kinematic viscosity and temperature
over the full chart kinematic viscosity range. More convenient
equations5 which agree closely with the chart scale are given below,
These are necessary when calculations involve kinematic viscosities
smaller than 2.0 cSt.

log log 2 = A - B log T (2)
Z= + 0.7+ exp (~1.47 - 1.84v -~ 0.51 v?2) (3)

va= 2-0.7 =~exp (-0.7487 = 3,295 Z - 0.7
(4)
+ 0.6119 z - 0.7 2 -0.3193 2z - 0.7 3

The symbols have the same meaning as given previously.

X1.4.1 Inserting Eq. 3 into Eq. 2 will permit solving for the
constants A and B for a fluid in which some of the experimental kinematic
viscosity data fall below 2.0 cSt. This form can also be used to
calculate the temperature associated with a desired kinematic viscosity.

X1.4.2 Conversely, the kinematic viscosity associated with a stated
temperature can be found from the equation determined as in X1.4.1 by
solving for 2 in the substituted Eq. 2, and then subsequently deriving
the kinematic viscosity from the value of 7 by the use Eq. 4.

5 Wwright, W. A., An Improved Viscosity-Temperature Chart for
Hydrocarbons. Journal of Materials, Vol., 4. No. 1. 1969, pp. 19-27.

6 Manning, R, E., "Computational Aids for Kinematic Viscosity
Conversions from 100 and 2109F to 40 and 1009C." Journal of Testing
and Evaluation. JTEVA, Vol, 2. No. 6. November 1974.
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X2. OIL BLENDING CALCULATIONS

X2.1 Predicting the volume fractions of two given oils when blending
to meet a specified kinematic viscosity at a given temperature is a
common problem. A number of blending calculation techniques have been
used. The Wright method described here is preferred since it
automatically allows for the effects of oil tyve, molecular weight and
viscosity index of component o0ils. This results in greater accruacy,
particularly where component oil kinematic viscosities or types differ
significantly.
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