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NOTICE 

This report was prepared as an account of Government sponsored work. Neither 
the United States, nor the National Aeronautics and Space Administration (NASA), 
nor any person acting on behalf of NASA: 

A.) Makes any warranty or representative, expressed or implied, 
with respect to the accuracy, completeness, or usefulness of 
the information contained in this report, or that the use of 
any information, apparatus, method, or process disclosed in 
this report may not infringe privately owned rights; or 

B.) Assumes any liabilities with respect to the use of or for 
damages resulting from the use of any information, apparatus, 
method or process disclosed in this report. 

As used above, "person acting on behalf of NASA" includes any employee or 
contractor of NASA, or employee of such contractor, to the extent that such 
employee or contractor of NASA, or employee of such contractor prepares, 
disseminates, or provides access to any information pursuant to the employ-
ment or contract with NASA, or his employment with such contractor.
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PREFACE 

The Final Report for the Quiet Engine Definition Program has been prepared in 
five volumes. This volume describes the work carried out under Task I, which 
was a parametric study of 242 possible cycle combinations for the Quiet Engine. 
Included are descriptions of the parametric methods used and the results and 
conclusions of the task. A summary of the over-all program and discussions of 
Tasks II and III are given in the other four volumes, which are listed below: 

Volume I Summary 
Volume III Task II 
Volume IV Task III 
Volume V QE-3 Performance
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SUMMARY 

The ultimate objective of the Quiet Engine Definition Program is to reduce the 
engine noise of future commercial jet transports to levels acceptable for airport 
neighborhood communities. This volume covers Task I of the program, which 
was a parametric cycle study of candidate engines. 

The results of Task I were trends of variations in engine noise, performance, 
weight, and dimensions, as influenced by the primary engine thermodynamic 
cycle variables. Representative noise, fuel consumption, thrust, and physical 
characteristic values were obtained for a set of combinations of bypass ratio, 
over-all compressor and fan pressure ratios, and take-off and cruise turbine 
inlet temperatures. Noise values included peak noise (in PNdb levels) at take-
off, approach, and cutback during climbout. Noise contours in the vicinity of 
the airport were computed at each of the aforementioned conditions for four 
representative cycle combinations. 

Noise, performance, weights, and dimensions were tabulated for 242 combina-
tions of cycle variables for each of two different levels of take-off thrust. A 
statistical regression analysis technique was used. With this technique, approx-
imately 40 cycle combinations were used as a sample set and trends for the re-
maining 200 combinations were obtained by statistical inference. 

With such a complex study, general over-all trends were difficult to discern, and 
each general conclusion was found to have its exceptions. Nevertheless, certain 
broad trends were inferred and used to select three candidate cycles for further 
study in Task II. Some of these trends are listed below: 

• Lower noise levels occur with bypass ratio and fan pressure ratio com-
binations associated with lower cruise fuel consumption. 

• Take-off turbine inlet temperature has an important influence on take-
off noise levels. 

• Cycle compression ratio has the least influence on noise levels of all 
cycle variables. 

• Engines with lowest noise levels tend to be large and heavy. 
• Particularly for cycle combinations suitably matched in cruise and 

take-off thrust levels, a wide range of cycle variations results in a 
relatively small variation in total noise level, which is fan dominated. 
This is true both for take-off and approach conditions. 

• For most cycles, fan noise predominates. 
• With several promising cycles, jet noise levels could be reduced from 

present levels by 15 PNdb for take-off and 20 PNdb for approach 
conditions.
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The contractual effort centered on a specified range of values for the cycle vari-
ables and take-off thrust levels of 20, 000 pounds (88, 960 newtons) and 25, 000 
pounds (111,200 newtons) for an engine to be applied to an aircraft similar to 
the Boeing 707 and DC-8. The broad conclusions drawn are valid in the range of 
parameters studied. However, especially as a result of the last conclusion 
listed above, the study results could be extended somewhat beyond the ranges 
covered.
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SECTION I

INTRODUCTION 

The contract work has been divided into three separate tasks. This report con-
cerns Task I, which was devoted to parametric cycle studies. The ranges of 
interest for the variables in these studies are listed below: 

Bypass Ratio	 3 to 8 

Fan Pressure Ratio	 1. 3 to 1. 7 

Cycle Pressure Ratio 	 15 to 30 

Degrees, Kelvin Degrees, Fahrenheit 

Turbine Inlet Temperature at cruise 
(M=0.82, 35,000ft	 (1140 - 1420)	 1600 - 2100 

(10,670 meters)) 
Turbine Inlet Temperature at Take-off 	 (1140 - 1534)	 1600 -2300 

Under Taks I, the contractor has calculated the following characteristics of each 
of 242 cycle combinations: 

• Thrust per unit airflow at take-off and cruise. 

• Specific fuel consumption at take-off and cruise conditions. 

• Noise levels during take-off and landing. 

• Engine length, diameter, and weight as a function of thrust. 

Two cases of sea-level thrust, 20, 000 to 25, 000 pounds (88, 960 newtons and 
111,200 newtons), have been considered in the noise calculations. Engines were 
assumed to be utilized on a 325, 000-pound (147, 500 kilograms) aircraft of 
Boeing 707 or DC-8 type, cruising at 35, 000 feet (10, 670 meters) at 0. 82 Mach 
number. The output at these two thrust levels over the range of cycle variables 
enumerated above will serve as a basis for the NASA Project Manager's selec-
tion of three cycle combinations for further study in Task II. 

The work of Task I has been divided into two reporting categories: thermody-
namic cycle calculations (including specific thrust and thrust specific fuel con-
sumption) and a determination of noise levels, engine weight, and dimensions. 
The cycle characteristics calculated under Task I are as follows: 

• Thrust per unit airflow at take-off and cruise. 
• Specific fuel consumption at take-off and cruise. 
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• Noise levels during take-off and landing. 
•	 Engine length, diameter, and weight as functions of thrust. 

The noise calculations included the following: 

• For all cycle combinations 

• Peak PNdB on take-off on the ground at a point three miles (4. 83 
Km. ) from brake release. 

• Peak PNdB on take-off, on the ground after cutback during climb 
out. 

• Peak PNdB during approach, on the ground at a point one mile 
(1. 609 Km.) from touchdown. 

• For not less than four cycle combinations outlines of airport neighbor-
hood areas subjected to 90, 95 and 100 PNdB during take-off and landing. 

To present and discuss the output results, this report is divided into three main 
sections plus an appendix. These sections cover the broad areas of calculations 
indicated above which represent distinct and independent characteristics for 
the various cycle combinations. Engine thermodynamic performance is dis-
cussed in Section II; noise level calculations, are covered in Section III; and 
engine physical description, which involves mechanical design procedures 
necessary to determine weights and dimensions, is discussed in Section W. 

The appendix section presents a complete tabulation of all the output data. In 
addition, a discussion of statistical methods, a key technique utilized in gener-
ating the data, is included in the appendix. 

All sections have been arranged to present a discussion of general methods, 
followed by enumeration of the assumptions used, and by a discussion of results 
and interpretation, where appropriate. 

The nature of the results and trends of the Task I parametric study strongly de-
pend on the assumptions inherent in performance and noise calculations. Broad-
ly , the study assumptions are based on next-generation commercial transport 
engine technology typified by the JT91) engine. A particularly critical assump-
tion in the engine noise calculations involves using empirical relationships es-
tablished from fan testing related to JT9D development. These test results 
represent the most currently available information concerning noise production 
in advanced technology fans. Since the bulk of the Task I study engines have 
noise characteristics dominated by their fan noise generation, two qualifications 
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must be applied to future use of the study results presented in this report. First, 
empirical data covering a broader scope of fan noise generation could modify 
the noise calculation techniques. Secondly future testing could, and should, find 
means for reducing currently known levels of noise production emanating from 
the fan. 

As a means for readily identifying cycle combinations, a code system was de-
vised and used during the Task. This code is explained in Appendix A, page 73. 

7. 
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SECTION II

THERMODYNAMIC CYCLE PERFORMANCE 

Turbofan cycle performance data in the Task I parametric study results includes 
predicted values of specific net thrust (Fn/Wa) and thrust specific fuel consump-
tion (TSFC) for both cruise and sea-level static take-off conditions. The calcu -
lated results are presented in the Tables of Appendix A, for each of 242 cycle 
combinations within the range of the contract cycle parameters. In addition, 
cycle calculations were required to define design-point and off-design thermo-
dynamic performance for the various cycle combinations used as samples in 
the regression analysis. Design-point performance data established key design 
parameters for each of the major engine components, as required to synthesize 
over-all engine physical descriptions. These results are discussed in Section IV. 
Off-design performance was determined as needed to establish noise predictions. 
At the take-off, approach, and climb conditions it was necessary to compute fan 
tip speed and engine exhaust velocities to be used in determining noise values. 
Results and methods for the noise calculations are further discussed in Section 
III. This section is devoted to discussions of the methods and assumptions used, 
and problems encountered in all cycle performance calculations involved in the 
Task I effort; it also covers the over-all cycle performance results. 

A. GENERAL METHOD 

In general, performance results were obtained by direct cycle and equilibrium 
matching calculations performed on an electronic computer. 

For each cycle design at the cruise condition, thermodynamic performance was 
calculated. The calculations included determining values for effective controlling 
flow areas (Aeff/Wades) as well as the pertinent performance quantities. The 
"design point" calculations were performed directly from fixed pressure ratio, 
bypass ratio, and turbine inlet temperature basic cycle variables by means of 
standard thermodynamic relationships and gas properties. 

In high-bypass-ratio turbofans, the cruise flight condition is usually the critical 
operating point from a performance standpoint. This is because of the emphasis 
on specific fuel consumption and because of the low cruise thrust, relative to 
take-off thrust, of high-bypass turbofans. Also, because of the lower exhaust 
expansion ratios of high-bypass-ratio turbofans, there is a relatively wide vari-
ation between the take-off and cruise aerodynamic operating points of the fan. 
For these reasons, the engine components are usually matched to give their 
best operating efficiency at the cruise, rather than the take-off flight condition. 
A comparison of the effect of designing a current turbofan at cruise with the 
same engine designed at take-off is shown in Figure 1. 
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Figure 1 Current Turbofan Take-Off vs. Cruise Design 

For off-design conditions, performance was obtained by using established trial-
and-error iterative techniques in which the values of cycle parameters (bypass 
ratio, cycle pressure ratio and fan pressure ratio) and airflows were found to 
satisfy the cruise design values for controlling flow areas in high- and low-
pressure turbines and in the engine and fan exhaust nozzles. 

In the off-design calculation procedure, steady-state cycle and performance 
parameters were determined from the assumed component performance char-
acteristics, from a given value of turbine inlet temperature, and from the ideal 
flow areas computed in the design point calculation. The complicated procedure 
employed involved a systematic process of guessing the various cycle parameter. 

The design point and the take-off calculations were performed sequentially and 
automatically by the computer for the 242 cycle combinations. 

In the tabulation of results given in the Appendix, it was necessary to provide 
values of cruise thrust as well as take-off thrust for each engine cycle, since 
not every cycle has sufficient thrust to cruise a 320, 000-pound (145, 000 kg.) 
gross weight airplane of the 707 or DC-8 type at a Mach number of 0. 82, at 
35, 000 feet (10, 700 meters). 
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B. KEY ASSUMPTIONS 

In a parametric study of the scope performed under Task I, certain simplifying 
assumptions had to be made in order to ensure that the work would be completed 
in the alloted time. For example, it was not possible to estimate the efficiency 
of every component individually for each cycle under consideration. Estimates 
requiring that degree of detail will be obtained in the preliminary design phase 
under Tasks II and III. 

A single-stage fan was assumed. Besides potentially lower engine weight, the 
single-stage fan at this time appears to offer compelling advantages in favor of 
low noise production. Use of a single-stage fan, even though it requires a some-
what higher tip speed at the upper end of the pressure-ratio range, would allow 
the application of several mechanical design features to reduce discrete-frequency 
fan noise. These features are more difficult to incorporate into the design of 
two-stage fans because of aerodynamic and structural considerations. They in-
clude large spacing between blades and vanes, the choice of an acoustically de-
sirable number of vanes and blades, and space in which to install sound-absorbing 
liners in the fan's flow path. 

Fan tip speed, upon which both efficiency and noise are heavily dependent, was 
assumed to vary with fan pressure ratio as shown in Figure 2. The assumed 
levels correspond approximately to constant stage loading and agree exactly 
with the design tip speed of the JT9D-1 fan at 1. 55 pressure ratio. At the lower 
fan pressure ratio, the tip-speed level is consistent with fan designs under study 
for advanced engines with very high bypass ratios. The tip speed assumed at the 
1. 7 pressure-ratio level is consistent with the results of advanced single-stage 
rig testing at Pratt & Whitney Aircraft. It should be emphasized that the tip 
speeds given in Figure 2 are values of corrected tip speed at the design con-
dition, i.e.,0. 82 Mach number, 35,000 feet (10,700 meters) altitude, cruise. 
At take-off, the value of tip speed may exceed or be less than the design corrected 
value, depending on the levels of bypass ratio, fan pressure ratio, turbine in-
let temperature at cruise, and turbine inlet temperature at take-off. This is a 
function of engine off-design matching characteristics which vary markedly with 
cycle designs. 

The assumed values of fan efficiency are shown in the lower curve of Figure 2, 
and are consistent with the fan pressure ratio vs. tip speed relationship and with 
the JT9D design efficiency.
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Figure 2 Fan Tip Speed and Efficiency 

Table I lists the other component efficiency assumptions. Constant polytropic 
efficiencies were assumed for the compressors and turbines, as is customary 
in comprehensive parametric performance studies. The efficiency levels were 
consistent with next generation turbofan engines. 

The burner temperature rise efficiency was assumed to be 100 percent. This 
assumption is borne out by extensive test experience. Pressure loss in the 
burner was assumed to vary with cycle pressure ratio and turbine inlet temper-
atures at take-off and cruise. Turbine cooling air levels, which include vane, 
blade and disc cooling requirements, also were assumed to vary with cycle 
pressure ratio and turbine inlet temperature. Precise levels of burner pres-
sure loss are given in Section II. The levels of burner pressure loss and turbine 
cooling flow are based on JT9D technology as further explained in Section II. 

The performance of high-bypass-ratio turbofans is critically dependent on good 
performance of the exhaust system. The nozzle velocity coefficients were 
assumed to be 0. 99, and the exhaust-duct pressure losses were held constant 
at 1. 0 percent. These levels have been verified by powered nacelle-model tests 
in a simulated cruise flow environment at a cruise Mach number. 
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C. PROBLEM AREAS 

Ordinarily, the nature of off-design rotor speed variation is of negligible signifi-
cance to the result of a parametric performance study. However, the influence 
of fan tip speed upon noise level was sufficiently great that the rotor speed vari-
ation of the fan at off-design conditions had to be taken into account. Therefore, 
the performance calculation procedure employed a generalized off-design speed-
flow-pressure-ratio performance map based on single-stage fan characteristics. 

Off-design rotor speed variation has a secondary effect on turbofan matching via 
its influence on the turbine's flow capacity. This effect, however, is of little 
consequence in a parametric performance study. For this reason, no attempt 
was made in Task Ito account for the speed-flow relationships of compressors 
or turbines. 

All other component performance indices, including adiabatic fan, compressor, 
and turbine efficiencies, burner and duct pressure losses, nozzle velocity and 
flow coefficients, and the fraction of compressor airflow used for turbine cool-
ing, were assumed not to vary from design-point levels. For all except the fan 
and compressor efficiencies these are reasonably accurate assumptions. Al-
though fan and compressor efficiencies vary with off-design operation, the ex-
tent of variation is sensitive to the operating point at which the component is 
matched, as well as to the design characteristics of the individual component. 
Accounting for these secondary effects was beyond the scope of Task I and would 
not have contributed to an understanding of the interrelationships between per-
formance, weight, noise, and cycle parameters. 

The spool arrangement assumed for the calculations was a two-spool turbofan 
with a mechanically isolated fan. This system was chosen because of its simplicity. 

A check on the accuracy of these assumptions was obtained by comparing the 
cycle performance of the scaled JT9D cycle computed at take-off and cruise with 
the JT9D-1 specification performance. The computations were made with a 
sophisticated procedure embodying compressor and turbine maps and Reynolds-
Number effects. These performance numbers (specific thrust and TSFC) agreed 
within 2 percent. 

Many of the cycle combinations initially included in the study were found to be 
impractical because they require an energy input to the fan which exceeded the 
capacity of the gas generator. These cycles were characterized by high bypass 
ratios in combination with high fan-pressure ratios and low cruise turbine inlet 
temperatures. In order to fulfill the program requirement of 240 or more cycles, 
certain substitute cycles having lower values of bypass-ratio were included in 
the matrix. The impractical cycle combinations and their lower bypass-ratio 
substitutes are listed in Table H. 
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TABLE II 

IMPOSSIBLE CYCLES AND SUBSTITUTES 

Failed Cycle Bypass Substituted Bypass 
(Code) Ratio Cycle Ratio 

60-951370-24 5.0 60-95S70A24 4.5 
60-301370-24 5.0 60-30E70-24 4.0 
60-30B55-30 5.0 60-30S55A30 4.5 
60-601370--30 5.0 60-60S70A30 4.5 
60-951370-30 5.0 60-95E70-30 4.0 
60-301370-30 5.0 60-30S701330 3.5 
60-30B70-30 5.0 60-30S70B30 7.75 
60-95C55-15 8.0 60-95K55-15 7.25 
60-30055-15 8.0 60-30L55-15 6.85 
60-60070-15 8.0 60-60M70-15 5.8 
80-60070-15 8.0 80-60L70-15 6.85 
60-95C70-15 8.0 60-95F70-15 5.4 
80-95C70-15 8.0 80-95070-15 6.75 
60-30070-15 8.0 60-30N70-15 5.1 
80-30070-15 8.0 80-30P70-15 6.25 
60-60055-24 8.0 60-60Q55-24 6.4 
60-95C55-24 8.0 60-95R55-24 6.0 
60-30055-24 8.0 60-30F55-24 5.4 
80-30055-24 8.0 80-30T55-24 7.5 
60-60070-24 8.0 60-60U70-24 5.25 
80-60070-24 8.0 80-60X70-24 6.5 
60-95C70-24 8.0 60-95M70-24 5.8 
80-95C70-24 8.0 80-95P70-24 6.25 
60-30070-24 8.0 60-30V70-24 4.25 
80-30070-24 8.0 80-30M70-24 5.8 
60-60055-30 8.0 60-60P55-30 6.25 
60-95C55-30 8.0 60-95M55-30 5.8 
80-95C55-30 8.0 80-95T55-30 7.5 
60-30055-30 8.0 60-30W55-30 4.9 
80-30055-30 8.0 80-30X55-30 6.5 
60-60070-30 8.0 60-60H70-30 4.8 
80-60070-30 8.0 80-601170-30 6.0 
10-60070-30 8.0 10-60Z70-30 7.0 
60-95C70-30 8.0 - - 
80-95C70-30 8.0 80-95M70-30 5.8 
10-95C70-30 8.0 10-95D70-30 6.0 
60-30070-30 8.0 60-30Y70-30 3.65 
80-30070-30 8.0 80-30U70-30 5.25 
10-30070-30 8.0 10-30X70-30 6.5
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The cycle combinations comprised of the lowest level of cruise turbine inlet tem-
perature tend to match at excessively high levels of take-off fan airflow. In order 
to maintain a corrected inlet flow per unit annulus area of 43. 0 lb/sec/ft 2 (210.3 
kg/sec. m2) at take-off as a practical upper limit, the design flow area and hub/tip 
ratio were lowered below the original values of 41. 0 lb/sec/ft2 (200. 5 kg/sec. m2) 
and 0.38 for the affected engines. These cycles are identified by a numeral (2) in 
the remarks column of the table of results. 

Excessive fan rotor physical speed was encountered in cycle combinations having 
high take-off turbine inlet temperature and low cruise turbine inlet temperature 
in combination with high fan pressure ratio and low bypass ratio. These effects 
are complex but typical of cycle-matching trends. The consequences of excessive 
tip speed are discussed in greater detail in the section on Engine Physical Descrip-
tions. Engine cycles affected by fan overspeed are identified by a numeral (3) in 
the remarks column of the table of results. 

Cycles having high turbine inlet temperature in combination with low cycle pres-
sure ratio result in high values of burner temperature rise. In order to main-
tain acceptable radial temperature profiles at the turbine inlet, these burners 
must be long, requiring large amounts of liner cooling air and having high pres-
sure losses. A few of these cycles will require more advanced cooling techniques 
and/or materials than are currently available in the state-of-the-art. The prob-
lem is discussed in greater detail in the Engine Physical Description section. 
The affected cycles are denoted by a (4) in the remarks column of the Table of 
Results. 

It has been assumed that engine jet areas are fixed. For the engines with the 
lower fan pressure ratios, which during take-off operate with an unchoked fan ex-
haust nozzle, the fan operating conditions during static operation differ widely 
from the operating conditions at the cruise flight condition, where the higher 
ram pressure ratio level helps choke the fan exhaust nozzle. Some of the engines 
will therefore require more advanced fan off-design aerodynamics (increased 
stall margin at take-off) or a two-position duct jet area which would narrow the 
fan's operating band. 

D. DISCUSSION AND INTERPRETATION OF RESULTS 

The tables of results of the Task I parametric study presented in Appendix A 
include values of thrust, specific thrust, and thrust-specific fuel consumption 
(TSFC) at cruise and take-off for each of 242 turbofan cycle combinations. Two 
levels of scaled thrust are included for each cycle, corresponding to 20, 000 and 
25,000 pounds (88,960 and 111,200 newtons) respectively, at take-off. The cruise 
and take-off performance for each turbofan cycle are related to each other accord-
ing to constant jet-area matching. 

\\ Interpretation of the results involves analyzing combined effects of, and inter-
actions among, five distinct cycle variables. It is only possible to visualize the 
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effects of any two of the variables in combination with one another, provided 
that the other three variables are held constant. A few representative trends, 
where selected variables are kept constant, are provided as examples in the 
following graphs of thrust-specific fuel consumption versus various cycle 
parameters. 

The engine cycles results presented in these curves represent only those com-
binations which have a cruise thrust which corresponds to the level required to 
fly a fully loaded airplane similar to the Boeing 707-320B (take-off gross weight 
of 325, 000 pounds (147, 500 Kg.)) at 35, 00 ft(10, 670 meters) altitude, 0. 82 Mach 
number. These illustrated cycles came from interpolating from among the com-
plete tabular set by varying the value of cruise (design-point) turbine inlet tempe-
rature, while holding constant the other cycle design variables. 

Figure 3, 4 and 5 show the effect of bypass ratio and take-off turbine 
inlet temperature on cruise TSFC at three levels of fan pressure ratio. The 
trends are typical of turbofan cycle performance. They show TSFC generally 
decreasing with increasing bypass-ratio, but increasing again at the higher 
bypass ratios where the turbine inlet temperature and fan pressure ratio are 
not optimum. 

Figure 3 Effect of Bypass Ratio on Cruise TSFC with a Fan Pressure 
Ratio of 1.30
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Figure 4	 Effect of Bypass Ratio on Cruise TSFC with a Fan Pressure 
Ratio of 1. 55 
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Figure 5 Effect of Bypass Ratio on Cruise TSFC with a Fan Pressure 
Ratio of 1.70
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Although the cruise turbine inlet temperature, to which cruise TSFC is directly 
related, is not given on the curves, its value varies in the same direction as 
the take-off turbine inlet temperature because of the constant relationship be-
tween cruise and take-off thrust. In Figure 3, the 1950-degree fahrenheit 
(1340° Kelvin) take-off temperature appears closer to optimum than 2300-degree 
Fahrenheit (1534° Kelvin) for 1. 3 fan pressure ratio. At the higher levels of fan 
pressure ratio and bypass-ratio, the higher levels of turbine inlet temperature 
are optimum. 

At the highest levels of fan pressure ratio and bypass-ratio (Figures 4 and 
5), insufficient cycle work is available to drive the fan at the specified over-
all thrust levels and within the limits of cruise turbine inlet temperature defined 
by the work statement. 

Figure 6 shows a representative effect of cycle pressure ratio on TSFC at 
the constant levels of thrust and constant values of the other cycle variables. 
The curve shows TSFC to be decreasing with increasing pressure ratio, but 
leveling off and starting to rise again at the high end. Further analysis of 
the tabulated results in the appendix would indicate that TSFC will continue 
to improve at the higher cycle pressure ratios in combination with higher 
turbine inlet temperatures. 

Figure 6 Effect of Cycle Pressure Ratio on Cruise TSFC 

The curves are presented for specified values of the various cycle variables 
to represent the middle of the range in each case. It should be emphasized 
that the trends shown will vary when presented for the extremes of the ranges 
for the variables. 

N
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SECTION III

NOISE 

A. GENERAL METHOD 

Noise calculation requirements in Task I were to provide predictions of jet and 
total noise during takeoff, cutback, and landing for 240 engine cycles. These 
predictions were made using the most up-to-date turbofan prediction procedures 
available. Predictions in detail for 43 sample engine cycles served as the model 
for the regression analysis which provided noise estimates for the remaining 
cycles. Additional noise predictions were completed to validate the accuracy of 
the regression analysis technique. 

Engine noise level estimation procedures neglected the influence of all sources 
of noise ordinarily found to be inconsequential, and considered only jet exhaust 
noise and overall fan noise as contributing sources. Jet exhaust noise levels 
were calculated by application of the Lighthill relationship; fan noise levels were 
approximated by using Pratt & Whitney Aircraft established empirical correla-
tions of noise levels as a function of fan tip Mach number. All cycles were 
assumed to have single-stage fans with the basic noise reduction features of no 
inlet guide vanes, optimum fan blade and exit guide vane number combinations, 
and ample axial spacing between the fan blades and the exit guide vanes. Further 
details in noise calculation procedures and background are provided later in this 
section. 

To aid in the selection process and to economize on the length and complexity of 
calculations, noise levels were computed for each sample engine cycle for the 
following points of interest: 

•	 Peak jet and peak total (fan and jet) perceived noise levels (PNL's) on 
the ground at takeoff, three miles from brake release. 

• Peak jet and peak total PNL's on the ground after cutback to 1000 ft/ 

mm (304.8 meter/mm.) rate of climb at 1000 ft (304.8 m) alt. 

•	 For cycles which resulted in an aircraft altitude of greater than 1000 ft. 
(304.8 m.) three miles (4. 830 Km) from brake release, peak jet and peak 
total PNdb's on the ground after cutback to 1000 ft/mm (304. ft?) rate of 
climb, three miles (4.830 Km) from brake release.	

mm 

• Peak jet and peak total PNdb's on the ground during approach, one mile 
(1. 609 Km) from touchdown. 

In order to provide examples of the relationship between the peak perceived noise 
levels specified above, and noise level contours on the ground around the runaway, 
PNdb contours were calculated and plotted for four of the cycle combinations. 
These plots are provided in Appendix B. 
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The following consecutive steps were involved in obtaining the noise output values 
for the selected sample engines: 

1. Select sample cycles. 

2. Calculate cruise design cycle performance. 

3. Calculate the sea level takeoff size for each cycle scaled to 20, 000 and 
25,000 lbs. (88,960and 111,200 newtons) thrust. 

4. Calculate performance for takeoff down the runway necessary to com-
pute noise (both thrust levels). 

5. Calculate performance for approach power necessary to compute noise 
(both thrust levels). 

6. Determine the 3 mile (4. 830 Km.) point aircraft altitude for each engine 
combination. 

7. Calculate cutback performance necessary to compute noise (both thrust 
levels). 

8. Compute jet and total noise for takeoff, cutback, and approach conditions 
(both thrust levels). 

9. Perform regression analysis for all noise conditions to obtain values 
for 240 cycle combinations from the sample values computed in steps 
1 through 8. 

Calculation of engine performance in steps 1. through 5. followed the procedures 
and assumptions described in Section II of this report. 

1. Noise Predictions Background 

Two major sources for noise generation are inherent in turbofan cycle engines. 
Jet noise is generated aft of the engine nozzle in the region where the high velo-
city jet streams mix with the ambient air. Fan noise is generated internally in 
the fan section of the engine and is radiated forward out the inlet duct and rear-
ward out the fan discharge duct. Noise is generated independently by these two 
sources and engine far field noise characteristics can be evaluated only by pre-
dicting separately the contribution from each source at pertinent locations and 
then combining these noise levels to determine the peak perceived noise level. 

a. Jet Noise 

Jet noise is generated in the region aft of a nozzle where the high velocity jet 
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mixes with the ambient air. This mixing region may extend for about 20 nozzle 
diameters aft of the nozzle exit plane. High frequency broadband noise is gen-
erated near the nozzle where the turbulent mixing boundary is relatively thin 
and consists of small size eddies. Lower frequencies are generated further 
downstream from the nozzle exit plane. Thus jet noise contains energy at all 
frequencies in the audible range from about 20 cps to 10 kcps. Peak noise levels 
are shifted lower in frequency as the nozzle size is increased, or as the jet 
velocity is reduced as shown by Figure 7 which relates spectral energy dis-
tribution to the Strouhal parameter, f/v/d. 

—J 
—J 

:
IN

 FLIGHT SPECTRUM II
-- ---

GROUND SPECTRUM 

/ 
( \ ..', 

---- ------------------------
WHERE f	 FREQUENCY, CPS 

= JET VELOCITY RELATIVE TO AMBIENT, FT/SEC 
D	 =EFFECTIVE DIAMETER OF JET EXHAUST STREAM, FT.

U.VZ	 V.04 0.08	 0.	 0.4	 0.8	 2
	

4 6 8 10	 20	 40 60 80 100 

STROUHAL NUMBER, SN= f 

VR/D 

Figure 7 Octave Band Jet Noise vs. Strouhal Number 

7 
b. Fan Noise 

Standard procedures for predicting fan noise levels have not been devised be-
cause the nature of fan noise generation does not lend itself to normalization as 
does jet noise. Fan noise cannot be related directly to fan performance para-
meters such as horsepower absorption, pressure rise, efficiency, airflow, etc., 
but is determined to a large extent by the geometric design of the fan and the 
tip speeds at which it is operated. Three basic types of fan noise illustrated on 
the typical spectral plot of Figure 8 must be accounted for in the prediction. 
These noises are described in the following paragraphs. 
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Figure 8 Fan Noise Frequency Spectrum
/ 

(1) Blade-Vane Interaction Noise 

Generation of the very prominent "whine" emanating from the fans of current 
JT3D and JT81) engines can be attributed largely to the chopping of the fan 
blades through the wakes from upstream vanes and the interaction of fan blades 
wakes with the pressure fields of downstream stator vanes. Both these 
processes generate noise at the fundamental blade passing frequency, which is 
related to the number of rotor blades and the rotor RPM, and its harmonics. 
Whether or not these noises are propagated out the inlet and fan ducts, or decay 
within a short distance from the fan can be determined by the number of vanes 
used in the stationary rows fore and aft of the rotor, and to some extent by 
the axial flow velocity. Generally a vane number of greater than twice the 
rotor blade number is required to ensure decay of the noise. This discrete 
noise generating mechanism is explained briefly below. 

For each choice of rotor-blade and stator-vane numbers, the interaction location 
of the blades with the vane wakes will progress circumferentially around the rotor 
at some speed other than rotor speed, much as the alignment locations on a 
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vernier scale move much faster than does the scale itself. Figure 9 illustrates 	 7 
the speed relationship for a two-lobe interaction pattern which rotates two tithes 
as fast as the rotor. When the circumferential wall Mach number of this 
spinning interaction pattern exceeds sonic speed to a small extent, depending on 
duct geometry and axial flow velocity, the pattern passes through a "cutoff 
speed". Above this "cutoff speed", the phasing is such that noise is propagated 
forward and aft of the rotor. When the pattern speed is below cutoff, the noise 
decays within a short distance from the rotor. The fan speed at which the "cutoff 
speed" of the spinning lobed interaction pattern is exceeded, causing the noise to 
propagate, can be selected by the choice of the number of vanes. 

/ 
Figure 9 Rotor Stator Interaction Pattern 	 9 

(2) Fan Broadband Noise 

The underlying phenomena which generate fan broadband ("white") noise are 
less well understood than those which generate discrete noise. For a given 
design fan, broadband noise appears to increase at about the 5th power of the 
fan blade tip speed and is generated as a result of the turbulent flow of air 
past the aerodynamically loaded blade and vane rows in the fan. 
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(3) Combination Tone Noise 

As the fan blades pass through transonic speeds, a shock wave pattern is formed 
by each blade in the rotor. Forward of the rotor, these waves decay to a system 
of Mach waves which propagate forward out of the inlet duct. If each blade in the 
rotor were identical, wave propagation as described by Figure ba would besug-
gested and the resulting inlet radiated noise would be at blade passing frequency. i 
In actual practice, the situation depicted in Figure 10a has not been noted. 
Small variations from blade to blade, within the normal manufacturing and 
assembly tolerances,  result in a wave pattern which is represented more 
nearly by Figure lOb. Spectral analysis of this type of wave pattern, which 
repeats once per engine revolution, produces all harmonics of engine rotational 
speed in revolutions per second. The resulting combination tone noise is per-
ceived as a low-pitched sound, quite unlike the typical discrete noise generated 
by blade-vane interaction noise. 

INCOMING AIRFLOW 

FAN BLADE TIPS, DEVELOPED VIEW 

INCOMING AIRFLOW

wJ

TIME 

AVE 

IP VELOCITY 

>1I00 FT SEC 

(335.3 METE RS/SEC) 

TIME 

AVE 

IP VELOCITY 

>	 1100 FT SEC 

(335.3 METE RS/SEC) 

Figure 10 Supersonic Fan Blade Tip Noise 

c. Other Engine Noise Sources 

In addition to the major noise sources, the fan and the jet, other noises are 
generated by jet engines. At very low power operation, gear meshing and bearing 
noises may be of sufficient strength so as to be measured and identified. In many 
instances, primary engine compressor stages downstream of the fan radiate noise 
out the inlet. In the idle power range, turbine blade passing frequency noises from 
current engines normally can be detected. Narrow band analysis of data from cur-
rent engines indicates that turbine noises quickly become overshadowed by fan and 
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jet noise as the engine thrust is increased to the power range normally used for 
approach. Although these other noises are generated by current engines, they 
normally are of little significance to the community noise problem. Only if the 
two major noise sources, the fan and the jet exhaust, were substantially elimi-
nated would these other noise sources become a major factor in establishing engine 
noise levels. Even with engines where the latest technology is used to minimize 
fan and jet noise, it does not appear that noise from these other sources will be 
of importance to the overall noise characteristics of the engine. For the pur-
poses of the present study, the contribution of these other engine noises were 
neglected. 

2. Aircraft Performance 

Before quantitative noise estimates could be made for the parametric engine 
cycles evaluated in this study, it was necessary to establish a procedure to pre-
dict aircraft take-off and climb-out performance so that engine noise estimates 
could be made at any point on the ground in the vicinity of the aircraft. 

An approximate generalized procedure was established for use in Task I calcula-
tions to predict aircraft take-off distance to 35 ft (10. 67 m) altitude (over the 
obstacle); and to predict the altitude during climb-out at a given horizontal dis-
tance from brake release. 

Thrust requirements were also established for begin cruise at 35,000 ft (10, 700m), 
Mach 0. 82 at maximum take-off gross weight and landing at maximum landing weight. 

In all cases a 707-320 type aircraft was assumed. 

The general aircraft characteristics which were used in the study are as follows: 

Take-off gross weight 325, 000 21b.	 (147, 00 Kg.) 
Wing Area 2890 ft.	 (278 m 
CD  clean 0.0140 

CD0 gear 0.0189 
Induced drag factor 0.054 
Aspect Ratio 7.05

Additional aircraft characteristics for the specific flight conditions of Maximum 
Take-off Power, Throttled Take-off Power, Approach and Cruise are given in 
Table III.
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TABLE III 
SUMMARY OF AIRCRAFT CHARACTERISTICS 

The flight profile of the aircraft during take-off is shown in schematic form in 
Figure 11. This profile is the one recommended by Boeing in its 707-320 flight 
manual and meets or exceeds the minimum F A. A. take-off requirements. The 
procedure followed is to accelerate to a lift-off speed such that at the obstacle 
height of 35 ft (10.7 m) the velocity will be 167 kts (85.8 meters/sec) (1.2 Vstaii). 
The aircraft continues to accelerate, at 1 ft/sec 2 (3048 m/sec 2), until its 
velocity is 177 kts (89.98 meters/sec) (1.2 Vstall + 10 kts (5. 14 meters/sec)). 
At this point an Equivalent Air Speed (E.A.S.) climb path of 177 kts (89.98 
meters/sec) is established. The flaps are retracted at 1000 ft (304. 8 m) altitude 
and the aircraft continues along the constant E. A. S. path. 

BOEING 707-320B TYPE 
TOGW 325,000 LBS (147,500 Kg) 

139 KTS. (71.4 M/SEC) 
VLO 160 KTS. (82.3 M/SEC) 
V2 = 167 KTS. (89.8 M/SEC) RETRACT 

FLAPS	 - 

ACCELERATE 
TOW2 + 10) 
lAS 
AG (1.0 FT SEC 2) 

(0.3048 M/SEC2)

177 KTS. (91.0 M/SEC) 
IAS(V 2 +10)	 _.

1000 FT (304.8m) 
TAKE-OFF DISTANCE -h 

I	 I L_m^.	 GEAR UP 

400 FT (121.9m) 

BRAKE RELEASE	 35 FT. (10.7m) 

Figure 11 Take-off and Climb-out Procedure	 V 
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Under certain conditions during the climb-out it is feasible to reduce the engine 
power setting. At an E.A.S. of 177 kts (89.98 meters/sec.), 10300 lbs (45,814 
newtons) was the computed thrust per engine that would be required to allow a 
1000 ft/mm (304. 8 rn/mm) rate of climb at an altitude of at least 1000 ft (304. 8 m). 

The approach is conducted at maximum landing weight at a speed of 130 kts 
(1. 3 Vstall) and maximum glide slope of 30 The power setting, calculated at 
an altitude of 300 ft (9144 m), 1 mile (1.609 Km) from touchdown, was 4800 lbs 
thrust, as indicated in Table III. 

Based on the Table III assumptions, cruise at 35000 ft (10, 700 m), Mach 0.82 
requires 4900 lbs (21, 800 newton) of installed thrust per engine at an estimated 

begin cruise weight of 307, 800 lbs (140, 000 Kg). Roughtly, installation penalties 
can be assumed equal to the required climb power margin for engine sizing 
approximations. 

Take-off and climb-out profiles may be calculated by means of a computer pro-
gram in accordance with specific input directions. The input consists of: 

• the aircraft geometry 
•	 lift coefficient vs drag coefficient data 
•	 lift coefficient vs angle of attack data 
•	 thrust vs velocity data 

At each point along the flight path the program calculates: 

• speed 
•	 acceleration 
• distance from brake release 
•	 altitude 
• flight path angle 
• angle of attack 
•	 lift coefficient 
• time from brake release 
• thrust 
•	 lift to drag ratio 

Because of the large number of parametric engines to be evaluated, a correlation 
using representative engine performance was felt to be in order. The resulting 
curves are given in Figure 12. In the top figure is shown the distance from brake 
release to the obstacle as a function of sea level thrust 114 kts. 	 meter (58.6	 ) 
In the bottom figure is shown, equivalent to the velocity at which the average 
value of dynamic pressure occurs during the take-off run, the altitude at any 
point from the obstacle as a function of the sea level thrust at 170 kts (87. 4 meter) 
(approximately the average velocity between sea level and 1000 ft (304. 8m) alt). 
A straight line between the two points establishes a flight path. 
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To verify the accuracy of Figure 12 a detailed check was completed. Figure 13 
shows a comparison of the flight path of several engines run on the computer 
program and the flight path predicted by the correlation. The differences be-
tween the two is within ±50 ft (±15. 24 m) altitude, which is considered within 
the allowable tolerance for noise calculations. The variations are due primarily 
to the differences in the take-off ground run caused by the difference between 
using a single value of thrust at some averaged velocity as opposed to the actual 
integral of thrust times velocity between zero and 1.2 Vstall*. 

f=1.2Vt1
FdV 

V =0 

40* / ?-^ 7 41 ^? 
41 

Figure 12 Airplane Performance. 707-320B Type. TOGW = 325, 000 lb. 
(147,500 Kg) Std. Day 
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'41 it /3 
Figure 13 Flight Path Calculation Accuracy Check Results 

3. Calculation Procedure 

a. General 

Engine off-design performance calculations for take-off, cutback and approach 
conditions determined values of fan tip speed and jet exhaust velocities. The 
output of the engine performance calculation was in the form of punched cards. 
These cards were used as input to the noise prediction computer program and 
noise levels at angles of peak inlet, fan discharge, and jet noise were cal-
culated in the computer in accordance with the following consecutive steps: 

1. Calculate relative jet velocity (V i) and exhaust gas density (p) from 
cycle performance. 

2. Using V p, and other cycle performance, calculate peak 200 feet 
(60. 96 m) sideline jet noise octave band sound levels using the proce-
dure described in SAE document A1R876, "Jet Noise Prediction". 

3. From cycle performance calculate relative fan blade tip Mach number. 
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4. Using blade tip Mach number, determine blade passing frequency octave 
band level for the inlet and fan discharge 200 feet (60.96 m) sideline in-
teraction and broadband fan noise and inlet 200 feet (60. 96 m) sideline 
combination tone noise. These relationships are discussed in Section c. 

5. Using the blade passing frequency octave band level as a reference, the 
levels of other octave bands influenced by the particular noise source 
are determined from empirically established spectra. 

6. Directivity correction factors are then applied to determine the levels 
of jet noise at the inlet and fan discharge peak angles, the level of fan 
noise at the angle of peak jet noise, and the combination tone noise 
level at the angle of peak fan discharge noise. 

7. Logarithmetic ally sum octave band noise levels from all noise sources, 
fan and jet, at each location to determine total octave band SPL at each 
location on the 200 feet (60.96 m) sideline. 

8. Total and jet noise octave band sound levels at each 200 feet (60. 96 m) 
sideline location are extrapolated to the required altitude using spherical 
divergence and standard day (59°F, (200°K), 70% H. H.) atmospheric absorption 
attenuation rates as defined in SAE document APR866, "Standard Values of 
Atmospheric Absorption as a function of Temperature and Humidity for Use in 
Evaluating Aircraft Flyover Noise." 

9. Total and jet noise perceived noise levels at the required altitude are 
calculated in accordance with SAE document ARP865, "Definitions and 
Procedures for Computing the Perceived Noise Level of Aircraft 
Noise." 

10. Perceived Noise Levels at each location at the required altitude are 
reviewed to determine the peak total and jet PNL at the altitude. 

b. Jet Noise Calculation Method 

The noise level generated by a jet is influenced most strongly by the jet rela-
tive velocity as shown in Figure 14. Increases in jet stream density and jet 
area also result in increased noise, but to a lesser degree than jet velocity. 
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Figure 14 Normalized Jet Noise vs. Relative Velocity 

These relationships have been embodied in a noise prediction method evolved 
by SAE committee A-21 and described in SAE document AIR 876. Pratt & 
Whitney Aircraft participated actively in the formulation of the procedures out-
lined in the AIR, and measured noise levels of Pratt & Whitney Aircraft engines 
agree well with predictions obtained using this procedure. 

However, to predict noise levels for high bypass engines at low powers, and 
hence low jet velocities, it is required that the relationships between jet velocity 
and noise be extended to lower jet velocities than are covered by the AIR. Pratt & 
Whitney Aircraft experience indicates that Figure 14 does not hold at jet velocities 
below 1000 ft/sec (304. 8 rn/see) and velocities of several cycles fell below 
1000 ft/sec. (304. 8 rn/see) at reduced power settings. Although definite relation-
ships have not been confirmed and, therefore, prediction accuracy is decreased, 
there are indications that at lower velocities the jet noise relates to the jet 
velocity as shown in Figure 15. The relationship shown in this figure was used 
in making jet noise predictions.
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Figure 15 Maximum Overall Sound Pressure Level as a Function 
of Relative Jet Velocity 

C. Fan Noise Calculation Methods 

Predictions of fan noise levels for the engine considered in this proposal were 
made based on extensive noise measurements from Pratt & Whitney Aircraft 
tests of single stage JTF14E and JT9D type fans. These fans incorporate essenti-
ally all the noise reduction features, such as inlet guide vane removal, optimized 
blade-vane numbers, and optimum blade-vane spacing, which have been found to 
be practical in past Pratt & Whitney Aircraft noise research programs. In this 
way, the assumption of advanced noise technology features were made for the 
engine cycles of the Quiet Engine program. Fan tip speeds of the study engines 
were selected to be aerodynamically compatible with the cycle fan pressure 
ratio.
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Measurements from the JTF14E fan provided the relationships of broadband and 
discrete and combination tone fan noise to the relative tip Mach number of the 
fan blades. Figure 16 shows these relationships as they were used in the noise 
prediction computer program. It should be noted that in Figure 16 the relative 
level of the different noise sources are shown only for the octave band containing 
the fundamental blade passing frequency for the purpose of the facilitating calculations. 
In the computer program, the blade passing frequency octave band was used as a 
reference and the levels of the other octave bands were related to the reference 
octave by empirically predetermined values to obtain a spectrum for the specific 
noise. As these adjustment values for any given octave band varied according 
to the noise source, the relative levels of the different noise sources shown in 
Figure 16 should not be interpreted to represent relative total energy levels or 
perceived noise levels. 

INLET BROADBAND & 

10 DISCRETE NOISE
ET COMBINATION 

TONE NOISE 

FAN DISCHARGE BROADBAND 
& DISCRETE NOISE /

0.2	 0.4	 0.6	 0.8	 1.0	 1.2	 1.4	 1.6	 1.8 

RELATIVE TIP MACH NUMBER 

Figure 16 Relative Blade Passing Frequency Octave Sound Pressure 
Level vs Relative Tip Mach Number 

Also for ease of calculation, the contributions of discrete (interaction) and broad-
band noise to each octave band were combined. The relative contribution of each 
of these sources for the types of fans considered was assumed constant for any 
given relative blade tip Mach number. 

Noise measurements on which the relationships shown in Figure 16 are based 
were obtained from far field noise tests of the JTF14E fan engine. This engine, 
which incorporated state-of-the-art fan noise reduction design features, was 
tested up to blade tip Mach numbers of about 1. 5. For the prediction method 
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used for this study, data from advanced fan rigs tested on indoor test stands 
were used to extrapolate the noise vs. tip Mach number curves to Mach 1. 75. 
This extrapolation, made\from indoor test rigs not suitable for accurate far 
field measurement, was necessary because full scale engines with Mach 1. 75 tip 
speeds were not available for outdoor noise tests. Some of the engine cycles con-
sidered in the study were predicted to have tip Mach numbers of over 2. 0, well 
beyond the range where data are available. Noise calculations for these cycles, 
denoted by the symbol "3" in the Data tabulation remarks column, should be dis-
regarded as inaccurate because the tip speed was well outside of the range of 
empirical data available. Also, these cycles are impractical because they ex-
ceed current technology in fan aerodynamics on blade stress levels. 

4. Calculation of Noise Level Contours 

Coordinates for the contours of noise in the vicinity of the airport for the four 
selected engine cycles, provided in Appendix B, were calculated by a computer 
program which followed the following basic steps: 

1. Curves of PNL vs. distance were prepared for each of the operating 
conditions; takeoff, cutback, and approach. These curves were obtained 
by extrapolating the noise data for the given engine cycle and operating 
condition to various distances. These curves were used as an input to 
the program. 

2. The flight path of an aircraft equipped with four engines of the given 
cycle was also input to the program. This flight path was presented in 
terms of altitude vs. distance from start of takeoff roll or distance 
from touchdown and was computed based on the procedures described 
earlier in this section. 

3. Coordinates were calculated for the location on the ground which pro-
vided the required distance from the aircraft to an observer to result 
in levels of 90, 95, and 100 PNdb as the aircraft moved along the flight 
path in 1/4 mile (402.25 meter) increments. 

4. The coordinates were presented in the output in a form suitable for 
machine plotting of the contours. 
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B. KEY ASSUMPTIONS 

1. Jet Noise Calculations 

It was assumed that all engine cycles having jet velocities less than 1000 ft/sec 
will generate jet noise levels as indicated by Pratt & Whitney Aircraft test data 
(see Figure 15). There are no standard procedures for estimating jet noise levels 
at these velocities and no relationships have been developed. Measurements 
from engines operating at these low velocities may be influenced by noise sources 
other than jet shear noise. These sources include combustion noise, turbine 
noise, and noise generated by turbulence within the nozzle. The level of these 
noise sources tends to vary with jet velocity to the fifth power, but the inter-
section of these curves with the jet shear noise curve, which is related to velo-
city to the eighth power, may vary from engine to engine. At these low velocities 
the fan generated noise is much higher in level than the jet noise. Therefore, 
although the jet noise level is difficult to predict accurately, the total noise does 
not suffer in accuracy as it is controlled by fan noise and is not influenced by jet 
noise. 

It was assumed that jet noise levels for all engine cycles at velocities above 1000 
ft/sec (304. 8 rn/see) can be estimated by the procedure described in SAE document 
AIR 876. This should be a valid assumption for standard circular nozzles as Pratt 
& Whitney Aircraft measured noise levels agree well with predictions obtained by 
the SAE procedure. 

2. Fan Noise Calculations 

It was assumed that fan noise levels from all of the studied cycles can be scaled 
from measurements from single stage JTF14E and JT91) type fans using relative 
fan tip Mach number as the reference parameter. This means that each of the 
studied cycles contains a single stage fan and low noise technology including no 
inlet guide vanes, optimum fan blade-exit guide vane number combinations, and 
optimum fan blade-exit guide vane spacing. 

3. Inflight Noise Predictions 

It was assumed that inflight noise levels can be estimated from sea level static 
data. All of the reference JTF14E and JT91) type fan measurements were ob-
tained during sea level static operation. No standard procedures are available 
for predicting inflight noise levels from sea level static measurements. 
The procedure used by Pratt & Whitney Aircraft relates the sea level static to 
inflight noise levels on the basis of engine performance at the two operating con-
ditions. Comparisons of JT31) and JT81) measured inflight and estimated inflight 
perceived noise levels using the Pratt & Whitney Aircraft estimation procedure 
have shown acceptable agreement. 
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4. Regression Analysis of Noise Levels 

It was assumed that the 11 3 point curves" used in the regression analysis (des-
cribed in the Appendix) are adequate to estimate noise levels. The ability to 
use regression analysis to obtain perceived noise levels with acceptable accuracy 
must be considered because of the large number of factors which influence the 
perceived noise level. Each of the cycle performance parameters which affect 
noise can influence different octave bands. Thus, as perceived noise level is 
calculated from the octave band levels, it can be seen that simple relationships 
do not necessarily exist between perceived noise level and the cycle performance 
parameters. In order to provide a check on the regression analysis, over 300 
individual data points were calculated by the noise prediction computer program 
in addition to the 301 data points calculated for the 43 cycles used as the regression 
analysis model. A comparison of the noise levels calculated by regression analy-
sis resulted in a very good agreement. The accuracy of the regression analysis is 
discussed from the purely mathematical viewpoint in Appendix C. 

5. Airplane Installation 

It was assumed that an airplane installation of any of the engines studied would 
provide an aerodynamically clean inlet. The basic engine design contains low 
noise technology which is intended to minimize interaction noise. The incor-
poration of struts or any other hardware in the aircraft inlet which would gener-
ate flow inconsistancies that could be chopped by the passing rotor blades, and 
thus generate interaction noise, would defeat the purpose of the low noise techno-
logy in the engine design. 

6. Estimates Based on Current Technology 

All of the engines and rigs which provided the basic data for the prediction pro-
cedure used in this study included current low noise technology in their design. 
Thus, the noise estimates for each of the cycles studied assumes that the engine 
design incorporates the current state-of-the-art in low noise technology. 

C. DISCUSSION AND INTERPRETATION OF RESULTS 

Because of the wide range of combinations of variables included in the Task I 
study, it is difficult to detect clear trends which hold without exception. Certain 
broad trends, however, are fairly evident. 

At take-off power, some cycles produce noise levels where the dominant source 
is the jet exhaust velocity, while in others fan generated noise dominates. Gen-
erally, low fan pressure ratio, low bypass ratio, and high turbine inlet tempera-
ture engine cycles tend to have high exhaust noise levels. 
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Fan noise is dominant at cutback take-off power for the majority of the engine 
cycles considered; it is dominant for all engine cycles at approach power. 

Engine size is an important factor in determining take-off noise levels because 
of the effect of take-off thrust on airplane climb rate. Airplane altitudes at the 
three mile point (4. 827 Km) proved substantially higher in all cases where the 
aircraft is powered by the 25, 000 lb. (111, 200 newtons) thrust size engine rather 
than the 20, 000 lb. (88, 960 newtons) thrust engine. Increased altitude provides 
particularly greater attenuation of noise radiated directly toward the ground. An-
other advantage of the more powerful engine is its ability to make larger reductions 
in power for the cutback to 1000 ft/mm (18. 24 rn/see) climb rate at a shorter 
distance from STOR. The advantages of the higher thrust engines are illustrated 
by both the peak noise levels tabulated for the study cycles and by the represent-
ative noise contour plots presented in Appendices A and B, respectively. 

Representative trends between noise and some cycle performance parameters are 
shown in selected cross plots of the data. Figure 17 illustrates that cycle pres-
sure ratio has a negligible effect on noise. Figures 18, 19 and 20 illustrate 
the effect on noise of changes in bypass ratio for three levels of fan pressure ratio. 
The substantial increase in take-off noise at low bypass ratios for low fan pres-
sure ratio cycles was observed to result from the high jet exhaust noise of these 
cycles. Figure 21 illustrates the effect on take-off noise of fan pressure ratio. 
Increased noise at low pressure ratios resulted from high levels of jet exhaust 
noise. These figures are representative of trends taken in the middle of the 
range of the various cycle variables. 

Figure 17 Total Noise vs Overall Pressure Ratio 
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Figure 18 Total Noise vs Bypass Ratio and Turbine Inlet Temperature 
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Figure 20 Total Noise vs Bypass Ratio and Turbine Inlet Temperature 
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FAN PRESSURE RATIO 

Figure 21 Total Noise vs. Fan Pressure Ratio 

Typical noise contours for takeoff and landing for two different thrust size engines 
are shown on Figures 22 and 23 with comparable contours represented in the 
JT3D-3B, which currently powers DC-8 and Boeing 707 aircraft in Figure 22. 
Takeoff noise from the 20, 000 lb. (88, 960 newtons) thrust engine is shown to over-
lap that of the JT3D-3B, being quieter beneath the flight path near STOR but 
noisier further out from STOR. Power cutbacks are of little benefit for either 
engine. Approach path noise contours are reduced in size from those of the 
JT3D-3B. 

Figure 23 illustrates the reduction in size of the takeoff noise contours for an 
engine having 25, 000 lbs. (111, 200 newtons) takeoff thrust. This reduced size take-
off noise contour can be achieved at no increase in landing noise over that of the 
smaller, 20, 000 lb. (88, 960 newtons) thrust size engine as the ability to operate 
the larger engine at reduced percent power to obtain the fixed approach thrust 
noise level tends to balance the effect of engine size on noise radiated. 

Included in the tabulations in Appendix A are the noise levels predicted both for 
total noise and for jet noise only. The difference between these values reflects 
the ability to make noise reductions in the engine installation from the use of 
choked or lined inlet ducts, or the use of acoustically lined fan discharge ducts 
to suppress the internally generated fan noise. 
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SECTION IV


ENGINE PHYSICAL DESCRIPTION 

Along with engine cycle performance and noise values, the Task I study output 
tabulated in appendix A includes an overall physical description for each cycle 
combination. Values are listed for engine weight, length and maximum diameter. 
This section discusses methods, assumptions, and problem areas associated 
with determining these output values. 

A. METHOD OF SOLUTION 

The method of determining weights and dimensions for the 242 discrete cycle 
combinations was based on a statistical regression analysis technique. In this 
technique, a smaller sample set was evaluated in detail by an analysis of the 
actual mechanical correlation. The determination of weights consisted of the fol-
lowing sequential steps: 

1. Select sample combinations (35 in this case). 

2. Compute design performance and check off-design critical operation 
performance for each sample. 

3. Establish by rough components analysis a general configuration arrange-
ment. 

4. Establish bearing and structural arrangements for each sample. 

5. From a known base configuration (the JT9D) vary weights of each com -
ponent individually to reflect significant configuration changes such as 
the number of stages, airflow size, and radius ratios. 

6. Vary structural weights according to over-all structural arrangement. 

7. Synthesize individual component and structural weights into an over-all 
engine weight for each sample. 

8. Scale to 20,000-pound and 25,000-pound (88,960 and 111,200 newtons) 
thrust sizes. 

9. By regression analysis, compute from the sample cycles weights for 
all 242 cycle combinations. 
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The general background and discussion of results for the statistical regression 
technique and sample selection methods used in steps 1 and 9 are included in 
Appendix C of this volume. For the remainder of the sequential steps, the 
following paragraphs cover in detail the methods employed in establishing 
physical features for the basic set of 35 cycle combinations. The over-all 
validity and accuracy of the weights and dimensions tabulated in Appendix A 
directly reflect the methods and assumptions employed in deriving values for 
the basic set of 35 samples. 

The methods and background involved in computing design and off-design ther-
modynamic performance are presented in Section II of this report, but design-
point performance also served to establish values of thermodynamic design re-
quirements for each of the components. These requirements included such values 
as turbine work, burner-temperature rise, and the turbine's cooling-flow tem-
perature. Also, off-design performance related take-off thrust values to design 
airflows at curise to obtain correct engine sizes, and was used to check potential 
critical operation in the overspeed regions of fans and compressors. The cruise 
condition (35, 000 feet (10, 700 meters) altitude, 0. 82 Mach number, as specified in 
the work statement) was set as the basic engine operating point at which the en-
gine's cycle-design was established. 

1. Design of Components 

Based on the thermodynamic cycle design performance, standard preliminary 
design-analysis procedures were used to rough out the salient design character-
istics for each of the major components. The extent of preliminary design 
effort was dictated by the degree of variation in each component from a previ-
ously established baseline design, usually the JT9D engine. 

The sample compressor designs were established by using a scaled JT9D cycle 
as a well-established baseline, and adding or removing stages as appropriate 
to the particular cycle requirements. Variations in the number of stages as-
sumed constant loading per stage, while the basic configuration in all cases re-
mained the two-spool arrangement of the JT9D, with a fan and low-pressure com-
pressor on one spool, and a high-pressure compressor on the other. 

Combustor design was primarily concerned with length, height, and pressure-
loss variations. These parameters were determined by referring to empirically 
derived curves which show changes in combustor performance with changes in 
the primary variables. The empirical data was largely derived from two- and 
three-dimensional rig tests, as modified by engine tests. The heart of the com-
bustor design system, the test data relates combustor-liner pressure loss to 
the ratio of the combustor's length to height, and relates the combustor's length 
to its exit temperature profile (as measured by the ATVR ratio) for specific 
burner types. For the Task I studies the type of burner used on the JT9D and 
its attendant ATVR ratio were assumed in all cases. 
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As with the compressor design, turbine designs were established by adding or 
removing stages from the basic JT9D design. The number of stages selected 
was dictated by work requirements and wheel speeds. Wheel speed were 
established by the requirements for the compressor or fan. Work and wheel 
speed are related to the turbine's aerodynamic performance through common 
values for velocity ratio. Basic geometry was further established by common 
values for the exhaust's exit Mach number. Cooling air in the high-pressure 
turbine was varied in accordance with the cycle design turbine inlet tempera-
ture, cooling-air temperature as determined by cycle pressure ratio, and blade 
and vane metal temperatures used in current commercial practice. Perform-
ance calculations for each cycle have accounted for the appropriate penalties 
associated with the use of cooling air. Significant design values for the turbine 
are tabulated in Appendix D of this report. 

2. Over-All Mechanical Design 

Having established independently the individual components design with sufficient 
definition to establish over-all geometry and numbers of stages, each sample en-
gine was synthesized as an integrated configuration. This was accomplished by 
allowing for transition sections between components, numbers of bearings, and 
rough shaft sizes established for rotor support structures. In each sample en-
gine case, maximum expected rotor speeds were checked against a 20-percent 
margin over stiff-bearing critical-speed criteria. Critical-speed margins were 
determined using an approximating technique, and where exceeded, a bearing 
and its associated support structure were incorporated into the definition of 
the over-all engine designs. 

Typical bearing support schemes assumed are shown in Figures 24 through 
26. Figure 27 shows a cross section of the JT9D baseline engine. Supporting 
structures are shown in the intermediate case between high-pressure and low-
pressure compressors, in the diffuser section, under the burner, and at the 
rear case behind the low-pressure turbine. The low-pressure spool is supported 
in the back by a bearing housed in the turbine's rear case, and in the front by a 
bearing housed in the compressor's intermediate case. The entire fan and low-
pressure compressor unit is cantilevered from the front bearing. The high-pres-
sure spool is supported by a front bearing (also housed in the compressor's in-
termediate case) and a rear bearing contained in the bearing compartment under 
the burner. This comprises a total of only four bearings in the structural arrange-
ment for the basic engine.
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%M!^07* 

Figure 24 High Rotor Bearing Inboard of Diffuser 

7 Sw J* 

Figure 25 Intershaft Bearing 

PAGE NO. 46



0 S
i

I 

O
r



- 

r
 

'4,, 

IP



PWA-3516 

(.I. 

Figure 26 Transition Section Between High and Low Pressure 
Turbine

9 5,bT6 

Figure 27 Basic Engine Design 

In cases where the high-pressure spool exceeds the critical speed criterion, an 
extra bearing can be added underneath the diffuser, as shown in Figure 24. In 
this case a common bearing compartment with the original rear housing was 
assumed, with support through the diffuser case. When the low-pressure spool's 
critical speed is exceeded (assuming only two bearings) extra support comes 
either from an intershaft bearing, as depicted in Figure 25, or from a turbine 
transition case, as depicted in Figure 26. A summary of bearing arrangements 
required for the sample cycle is presented in Table IV. 
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TABLE IV 

BEARING CONFIGURATION 

High-Pressure Rotor	 Low-Pressure Rotor 
Engine No.	 Identification	 Bearing Arrangement	 Bearing Arrangement 

1 10-95D70-30 (2) (4) 

2 10-95C30-30 (2) () 
3 10-95D70-15 (2) (4) 
4 10-95C30-15 (2) (4) 
5 10-95A70-30 (2) (2) 
6 10-95A30-30 (2) (2) 
7 10-95A70-15 (2) (2) 
8 10-95A30-15 (2) (2) 
9 60-95E70-30 (2) (2) 

10 60-95C30-30 (i) (3) 
11 60-95D70-15 (2) (2) 
12 60-95C30-15 (2) (4) 
13 60-95A70-30 (2) (2) 
14 60-95A30-30 (1) (3) 
15 60-95A70-15 (2) (2) 
16 60-95A30-15 (2) (2) 
17 10-95B55-24 (2) (4) 
18 80-95C55-24 (2) (3) 
19 80-95A55-24 (2) (2) 
20 60-95B55-24 (2) (2) 
21 80-951370-24 (2) (2) 
22 80-95B55-24 (2) () 
23 80-95B30-24 (2) (2) 
24 80-95B55-15 (2) (2) 
25 80-95B55-30 (1) (3) 
26 10-301155-30 (2) (4) 
27 10-301355-15 (2) 
28 10-601355-15 (2) (2) 
29 10-601355-30 (2) (4) 
30 80-301355-24 (2) (2) 
31 60-301355-30 (2) (4) 
32 60-60B55-.30 (2) (4) 
33 60-301155-15 (2) (4) 
34 60-601355-15 (2) (2) 
35 85-60D40-30 (2) (3)

(1) 3rd bearing aft of the 3 stage high turbine 
(2) 3rd bearing inboard of the diffuser case. 
(3) 3rd bearing mounted from strut between high & low turbine. 
(4) Intershaft bearing.
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3. Weights by Components 

Determining engine weights for the sample set of 35 engine combinations de-
pended chiefly on analysis of weights for each major component, engine structure, 
and accessory on an individual basis. Largely, weights based on a well-estab-
lished configuration were varied by applying the contractor's previous engine-
design experience. Although this was an approximate method, not involving ex-
tensive design work, the results were accurate within the scope of the broad 
parametric evaluation required for Task I. 

Accuracy levels depend primarily on the judgement and experience of the weight 
analysts. Each major component for each engine configuration was analyzed in-
dividually, with weights varying according to the principal design variables and 
past pertinent experience. Thus, as actually employed in the Task I effort, 
specific methods for determining weights varied from configuration to configura-
tion as well as from component to component. 

The base point for the component weight analyses was the JT9D engine scaled 
to 20, 000 pounds (88, 960 newtons) thrust. The engine weight was grouped into 
the following major components and was adjusted to exclude any sound absorp-
tion treatment.

Weight	 % of Total 
Component	 (ibs)	 (Kg)	 Weight 

Fan Rotor, Stators, and Cases 	 520	 (236)	 14%

Low Pressure Compressors, Rotor 
Stators and Cases	 219	 (99.4)	 6% 
Intermediates Section	 400	 (181)	 10%

High Pressure Compressor Rotor, 
Stators, and Cases	 474	 (215)	 12% 
Diffuser-Burner	 376	 (172)	 10%

High Pressure Turbine, Rotor, 
Stators, and Case	 460	 (209)	 12%

Low Pressure Turbine, Rotor 
Stators, and Case	 460	 (209)	 12% 
Shafting	 219	 (99.4)	 6% 
Turbine Exhaust	 174	 (78.9)	 5% 
Control Components	 480	 (218)	 13% 

Total Engine Weight	 3782	 (1717.7)	 100% 
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Performance and design data, discussed in previous sections, was provided for 
all combinations with high pressure compressor exit corrected airflow as a 
common base. This allowed a substantial portion of the engine configuration to 
retain a common inner spool with the base engine. The input data is shown on 
Table V (in International Units on Table VI). 
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TABLE V 

UIET ENGINE PARAMETRIC STUDY 

Data for Task I Weight Predictions 

Scaled	 10-95	 10-95	 10-95	 10-95	 10-95	 10-95	 10-95	 10-95	 60-95	 60-95	 60-95	 60-95	 60-95	 60-95	 60-95 
Engine Designation	 JT9D-.1	 D70-30	 C30-30	 D70-15	 C30-15	 A70-30	 A30-30	 A70-15	 A30-15	 E70-30	 C30-30	 D70-15	 C30-15	 A70-30	 A30-30	 A70-15 

BPR	 5.0	 6.0	 8.0	 6.0	 8	 3.0	 3.0	 3.0	 3.0	 4.0	 8.0	 6.0	 8	 3	 3	 3 
OPR	 24.5	 30	 30	 15	 15	 30	 30	 15.0	 15	 30	 30	 15	 15	 30	 30	 15 
Fn at SLTO	 20000	 19760	 22090	 11550	 12820	 15380	 13210	 9060	 8060	 21400	 28482	 15000	 17901	 19750	 18800	 12475 
Tt5 atSLTO	 F	 1953 
Fn at Cruise	 4183	 6530	 6233	 3875	 3620	 5540	 4885	 3248	 2879	 3530	 4079	 2245	 2790	 3630	 3457	 2499 
T+ at Cruise	 F	 1754	 2100	 2100	 2100	 2100	 2100	 2100	 2100	 2100	 1600	 1600	 1600	 1600	 1600	 1600	 1600 
Ni Cruise	 4739	 4659	 2910	 6265	 3890	 6140	 4360	 8190	 5850	 5521	 2910	 6265	 3890	 6150	 4360	 8230 
N1 T. 0.	 4646	 3525	 2190	 4810	 3401	 5536	 3822	 7238	 5152	 5325	 2923	 5890	 4007	 6593	 5856	 8953 
N2 T.O.	 10800 
No. Variable Stators	 4 
Fan 
Wa	 t2/ 12	 775.8	 1075	 1380	 600	 763	 608	 608	 340	 340	 768	 1380	 600	 763	 608	 608	 340 
H/T	 0.378 
Ut	 1430	 1640	 1165	 1640	 1165	 1640	 1165	 1640	 1165	 1640	 1165	 1640	 1165	 1640	 1165	 1640 
W/A	 41 
No. Stages	 1 
P12.4/P12	 1.55	 1.70	 1.30	 1.70	 1.30	 1.70	 1.30	 1.7	 1.3	 1.70	 1.30	 1.70	 1.30	 1.70	 1.30	 1.70 
Dtjp inlet	 In	 64.0	 74.9	 85.0	 55.7	 63.5	 56.6	 56.6	 42.3	 42.3	 63.2	 85.0	 55.7	 63.5	 56.6	 56.6	 42.3 
Low Pressure Compressor 
Wa	 12.4/	 T2.4	 92	 104.3	 125.2	 58.3	 70.1	 104.3	 125.2	 58.3	 70.1	 104.3	 125.2	 58.3	 70.1	 104.3	 125.2	 58.3 
H/T	 0.765	 0.795	 0.804	 0.804	 0.703	 0.670	 0.670	 0.741	 0.804	 0.804	 0.703	 0.670 
No. Stages	 3	 3	 4	 0	 1	 3	 4	 0	 1	 3	 4	 0	 1	 3	 4	 0 
Pt3/P12	 2.45	 3.0	 2.40	 1.50	 3.0	 2.40	 1.5	 3.0	 2.40	 1.5	 3.0	 2.4 
Dtip inlet	 34.	 38.3	 43.0	 32.1	 32.8	 34.4	 25.7	 34.7	 43.0	 32.1	 32.8	 34.4 
Dtip exit	 28.2	 32.0	 33.7	 30.5	 27.4	 26.9	 24.4	 29.0	 33.7	 30.5	 27.4	 26.9

High Pressure Compressor 
Wa	 / T3	 60.9	 60.9	 73.5	 58.3	 60.9	 60.9	 73.5	 58.3	 60.9	 60.9	 73.5	 58.3	 60.9	 60.9	 73.5	 58.3 
H/T inlet	 0.715	 0.715	 0.669	 .0. 715	 0.715	 0.715	 0.669	 0.715	 0.715	 0.715	 0.669	 0.715	 0.715	 0.715	 0.669	 0.715 
H/T exit	 0.91 
No. Stages	 11	 11	 12	 11	 11	 11	 12	 11	 11	 11	 12	 11	 11	 11	 12	 ii 
Pt4/P12	 10.0	 10.0	 12.5	 9.5	 10.0	 10.0	 12.5	 9.5	 10	 10	 12.5	 9.5	 10	 10	 12.3	 9.5 
Dtjp inlet	 25.2	 25.2	 26.8	 25.2	 25.2	 25.2	 26.8	 25.2	 25.2	 25.2	 26.8	 25.2	 25.2	 25.2	 26.8	 25.2 
Dtip exit	 19.8 
Burner 
Length	 16.7	 19.5	 19.5	 24.0	 24.0	 19.5	 19.5	 24.0	 24.0	 14.5	 16.0	 18.5	 18.5	 14.5	 16.0	 18.5 
High Pressure Turbine 
Pt5/Pt6	 3.91	 3.5	 3.93	 2.71	 2.71	 3.5	 3.93	 2.72	 2.71	 5.02	 6.0	 3.60	 3.60	 5.02	 6.0	 3.60 
No. Stages	 2	 2	 2	 1	 1	 2	 2	 1	 1	 2	 3	 2	 2	 2	 3	 2 
Ah	 157	 167	 178	 136	 135	 167	 178	 136	 135	 166	 176	 135	 134	 165	 176	 134 
Druot Inlet	 22.6	 22.6	 22.6	 26.13	 26.13	 22.6	 22.6	 26.13	 26.13	 22.6	 18.95	 22.6	 22.6	 22.6	 18.95	 22.6 
Droot inlet	 22.4	 22.4	 22.4	 25.93	 25.93	 22.4	 22.4	 25.93	 25.93	 22.4	 18.75	 22.4	 22.4	 22.4	 18.75	 22.4 
Dtj inlet	 25.2	 25.2	 25.2	 29.37	 29.37	 25.2	 25.2	 29.37	 29.37	 26.5	 23.85	 25.2	 26.5	 26.5	 23.85	 25.2 
Dtjp exit	 27.2	 26.8	 27.2	 29.47	 29.47	 26.8	 27.2	 29.47	 29.47	 28.5	 26.85	 26.8	 26.8	 28.5	 26.85	 26.8 
No. of cooled rows	 3	 4	 4	 4	 4	 4	 4	 4	 4	 2	 2	 2	 2	 2	 2	 2 
Low Pressure Turbine 
Pt6/Pt7	 3.79	 6.17	 2.90	 3.51	 2.06	 3.05	 1.87	 1.88	 3.71	 5.41	 4.45	 5.80	 2.68	 4.49	 2.53	 2.34 
No. Stages	 4	 6	 7	 3	 5	 3.0	 3.0	 1	 1.0	 3	 6.0	 3.0	 5	 2	 3	 1 
AH	 113	 181	 114	 155	 93	 115	 66	 89	 45	 136	 111	 154	 92	 114	 65	 88 
Drt exit	 21.8	 21.8	 29.7	 25.3	 25.3	 21.8	 21.8	 25.3	 25.3	 21.8	 27.2	 21.8	 21.8	 21.8	 18.15	 21.8 
Dtlp	 36.0	 40.9	 38.5	 35.2	 31.6	 32.5	 29.0	 31.6	 29.8	 44.8	 45.9	 42.1	 32.1	 41.7	 31.5	 31.7 
No. of cooled rows	 0 
Dot Inlet	 30.35	 27.8 
Dtj inlet	 34.05	 33.8
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TABLE V (Cont'd)


TJIET ENGINE PARAMETRIC STUDY 

Data for Task I Weight Predictions 

60-96 10-95 0-95 80-95 60-95 80-95 80-95 80-95 80-95 80-95 10-30 10-30 10-60 10-60 80-30 60-30 
A30-15 B55-24 C55-24 A55-24 B55-24 B70-24 B55-24 B30-24 B55-15 B55-30 B55-30 B55-15 B55-15 B55-30 B55-24 B5540 

3.0 5.0 8.0 3.0 5.0 5.0 5.0 5.0 5.0 5.0 5.0 5.0 5.0 5.0 5.0 5.0 
15.0 24.5 24.5 24.5 24.5 24.5 24.5 24.5 15 30 30 15 15 30 24.5 30 
11247 16710 22750 15900 21521 19062 19700 18120 13590 21891 25350 15200 7300 12160 26700 23600 

2300 2300 1600 1600 2300 2300 
2267 5362 4590 3990 3644 4445 4520 4083 3160 4991 5810 3545 3590 6120 4260 2895 
1600 2100 1800 1800 1600 1800 1800 1800 1800 1800 2100 2100 2100 2100 1800 1600 
5840 4740 3900 5830 4740 5440 4740 3860 5850 4170 4170 5850 5850 4170 4740 4170 
6183 4123 3526 5701 4953 4215 4558 3717 5694 3958 4110 5800 4350 3060 5460 4310 

340 776 1146 513 776 776 776 776 508 907 907 508 508 907 776 907 

1165 1430 1430 1430 1430 1640 1430 1165 1430 1430 1430 1430 1430 1430 1430 1430 

1.30 1.55 1.55 1.55 1.55 1.70 1.55 1.30 1.55 1.55 1.55 1.55 1.55 1.55 1.55 1.55 
42.3 64 77.8 52.0 64 64 64 64 51.8 69.3 69.3 51.8 51.8 69.3 64 69.3 

70.1 92 92 92 92 88.1 92 106.7 60.9 109 109 60.9 60.9 109 92.0 109 
0.670 0.765 0.822 0.694 0.765 0.772 0.765 0.741 0.765 0.765 0.765 0.765 0.765 
1 3 3 3 3 2 3 3 0 4 4 0 0 4 3 4 
1.50 2.45 2.45 2.45 2.45 2.45 2.45 2.13 2.61 2.61 2.61 2.45 2.61 
25.7 34.0 38.5 30.4 34.0 33.6 34.0 35.1 36.9 36.9 36.9 34.0 36.9 
24.4 28.5 32.2 25.4 28.5 30.1 28.5 29.4 28.9 28.9 28.9 28.5 28.9 

60.9 60.9 60.9 60.9 60.9 60.9 60.9 68.6 60.9 68.6 68.6 60.9 60.9 68.6 60.9 68.6 
0.715 0.715 0.715 0.715 0.715 0.715 0.715 0.669 0.716 0.669 0.669 0.715 0.715 0.669 0.715 0.669 

11 11 11 11 11 11 11 12 11 12 12 11 11 12 11 12 
10 10 10 10 10 10 10 11.5 10 11.5 11.5 10 10 11.5 10.0 11.5 
25.2 25.2 25.2 25.2 25.2 25.2 25.2 26.8 25.2 26.8 26.8 25.2 25.2 26.8 25.2 26.8 

18.5 23.0 16.5 16.5 15.5 1.65 16.5 16.5 18.5 17.0 20.5 28.5 27.0 19.5 3. 0 20.0 

3.60 3.25 3.96 3.96 4.74 3.90 3.91 4.14 3.06 5.84 3.42 2.48 2.48 3.42 3.96 5.04 
2 2 2 2 2 2 2 2 2 3 2 1 1 2 2 2 
134 157 157 157 157 154 155 161 132 172 172 132 132 172 157 172 
22.6 21.4 22.6 22.6 22.6 22.6 22.6 22.6 22.6 18.95 22.6 26.2 26.2 22.6 22.6 22.6 
22.4 21.2 22.4 22.4 22.4 22.4 22.4 22.4 22.4 18.75 22.4 26.0 26.0 22.4 22.4 22.4 
25.2 24.0 25.2 25.2 26.2 25.2 25.2 25.6 25.6 23.75 25.2 29.1 29.1 25.2 25.2 26.5 
26.8 25.6 27.2 27.2 28.2 27.2 27.2 27.6 26.3 26.75 26.7 29.2 29.2 26.7 27.3 28.5 
2 4 3 3 2 3 3 3 3 3 4 4 3 3 3 4 

1.52 2.95 7.20 2.39 4.43 5.15 3.63 2.22 2.62 3.25 3.20 2.38 2.36 3.18 3.93 5.54 
1 5 6 2 4 3 4.0 4.0 3.0 5.0 6 3 3 6 4 5 
44 122 173 88 122 147 121 77 101 123 125 103 101 123 125 125 
21.8 20.6 28.5 21.8 21.8 21.8 21.8 21.8 21.8 18.15 21.8 25.4 25.4 21.8 21.8 21.8 
28.2 31.1 48.8 31.6 40.3 40.5 35.4 31.1 30.9 36.6 32.5 31.6 31.6 32.5 36.6 44.3 

29.05 
32.95
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Engine Designation 

BPR 
OPR 
Fn at SLTO 
Tt5 at SLTO	 F 
Fn at Cruise 
TO at Cruise	 F 
Ni Cruise 
N  T. 0. 
N2 T. 0. 
No. Variable Stators 

Fan 
Wa	 t2,'	 t2 
HIT 
Ut 
W/A 
No. Stages 
t2. 4/t2 

Dtjp inlet	 In 

Low Pressure Compressor 
Wa	 12.4/ T2.4 
HIT 
No. Stages 
t3t2 

Dtip inlet 
Dtip exit 

High Pressure Compressor 
Wa t3/ t3 
HIT inlet 
H/T exit 
No. Stages 
t4/t3 

Dtjp inlet 
Dtip exit 

Burner 
Length 

High Pressure Turbine 
t5/Pt6 

No. Stages 
Ah 
Droot inlet 
Droot 
Dtjp inlet 
Dtip exit 
No. of cooled rows 

Low Pressure Turbine 
Pt6/l't7 
No. Stages 
Ah 
Drool exit 
Dtip exit 
No. of cooled rows 
Droot Inlet 
Dtj inlet



60-80 60-30 60-60 85-00 
Engine Designation B55-30 B55-15 B55-15 D40-.30 

BPR 5.0 5.0 5.0 6.0 
OPR 30 15 15 30 
Fn at SLTO 15500 20450 10400 22150 
Tt5 at SLTO	 F 1600 2300 1600 2000 
Fn at Cruise 4175 2610 2810 6110 
Tt5 at Cruise	 F 1600 1600 1600 1850 
NI Cruise 4170 5850 5850 3550 
Ni T. 0. 3240 7710 5160 2950 
N2 T. 0. 
No. Variable Stators 

Fan 
Wa	 t2/	 t2 907 508 508 1075 
H,T 
Ut 1430 1430 1430 1250 
W/A 
No. Stages 

t2.4 /Pt2 1.55 1.55 1.55 1.40 
Dtip inlet	 in 69.3 51.8 51.8 74.9 

Low Pressure Compressor 
Wa	 t2.4/	 T2.4 109 60.9 60.9 104.3 
H/T 0.765 0.795 
No. Stages 4 0 0 3 
't3/t2 2.61 3.0 

Dtip inlet 36.9 38.3 
Dtip exit 28.9 32.0 

High Pressure Compressor 
Wa	 /	 T3 68.6 60.9 60.9 60.9 
H/T inlet 0.669 0.715 0.715 0.715 
H/T exit 
No. Stages 12 11 11 11 

t4 / t3 11.5 10 10 10. 
Dtip inlet 26.8 25.2 25.2 25.2 
Dtjp exit 

Burner 
Length 13.5 28.5 14.5 15.5 

High Pressure Turbine 
t5/ t6 5.04 3.22 3.22 3.96 

No. Stages 2 2 2 2 
Ah 172 132 132 155 
Droot inlet 22.6 22.6 22.6 22.6 
Dryjt exit 22.4 22.4 22.4 22.4 
Dtip inlet 26.5 25.2 25.2 25.2 
Dti	 exit 28.5 26.5 26.5 27.3 
No. of cooled rows 0 4 0 

Low Pressure Turbine 
Pt6/Pt7 5.52 3.28 3.26 2.83 
No. Stages 5 3 3 6 
Ah 120 103 99 133 
Droot exit 21.8 21.8 21.8 29.8 
Dtip exit 44.3 33.3 33.3 40.1 
No. of cooled rows 
Droot inlet 30.4 
Dt1 p inlet 34.2
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TABLE V (Cont'd) 
iJIET ENGINE PARAMETRIC STUDY 

Data for Task I Weight Predictions 
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With the design of the inner spool fixed, but varying cycle design parameters, 
the various engines in the sample set shown in Tables V & VI can be seen to have 
take-off thrust sizes that varied considerably around the basic 20, 000 pound 
(88,960 newtons) or 25,000 pound (111,200 newtons) thrust size. Consequently, 
the engine weights determination consisted of three consecutive steps. First, 
each component weight was determined for the basic size. Next, components 
were scaled individually to correspond to a 20, 000 pound (88, 960 newtons) thrust 
or 25, 000 pound (111,200 newtons) thrust size. Finally, the resultant component 
weights were added to obtain the total weight in each case. 

The weight of the 35 cycles at 25, 000 pounds (111,200 newtons) thrust were de-
termined by recognizing that turbofans having bypass ratios of 3 to 8 have rel-
atively constant thrust-to-weight ratios from (88, 960 to 111,200 newtons) 20, 000 
to 25, 000 pounds thrust. The JT9D-1 has a reduction of about 2 percent in thrust-
to-weight from 20, 000 to 25, 000 pound (88, 960 to 111,200 newtons) thrust. This 
percentage was assumed to apply for all cycles. 

a. Fan Rotor, Stator and Case 

The fan rotor, stator and case weight was scaled from the base engine assuming 
constant airflow per unit frontal area at the design point, constant blade and 
vane aspect ratios, and constant hub-tip ratios. The fan tip speed was increased 
and decreased and the weight changed accordingly to account for the changing stress 
and vibration characteristics of the fan disk and blades. The thickness of the 
fan case, hence the weight, varied with fan tip speed in an effort to provide equal 
fan blade containment. The length of the fan case or duct was changed to reflect 
the changes in the number of low pressure compressor stages. 

b. Low Pressure Compressor Rotor Stators and Cases 

The low pressure compressor sections for the 35 cycle combinations varied from 
four stages to no stages. The weight of a typical stage was added or removed as 
necessary together with changes to the hub, spacers, and case length. The 
weight of a typical stage was obtained from the base engine in which aspect ratio 
and material was held constant. Weights were adjusted to reflect variations in 
hub-tip ratio, size, and tip speed. All configurations with two or more stages 
require overboard bleed or variable inlet guide vane provisions. 

c. Intermediate Section 

The intermediate section weight is a major contributor to the total engine weight. 
It is composed of the main bearing support weldment. No. 1 and No. 2 bearings, 
and the towershaft. The weldment is basically two major assemblies, the inner 
assembly forms the flowpath transition between the low pressure compressor 
and the high pressure compressor while the outer assembly is in the fan flow-
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path. The inner assembly weight was obtained by adjusting the base engine to 
accommodate the required geometry. Thicknesses were altered to reflect 
changes in fan and low pressure compressor weight and moment. The outer 
assembly weight was adjusted to account for the changes in fanduct flow made 
necessary by changes in by-pass ratio. 

d. High Pressure Compressor 

Twenty four of the 35 cycle combinations studied have high pressure compressors 
which are the same as the 20, 000 pound (88, 960 newton) thrust JT9D cycle base 
engine, i.e., same number of stages, same inlet and exit hub-tip ratios, and 
same inlet and exit diameters. These compressors weigh the same as the base 
engine compressor except as modified to account for lower over-all pressure 
ratios which allow the use of more titanium disk and blades, or higher over-all 
pressure ratios which require the use of more steel disks and blades. The re-
maining eleven cycle combinations have high pressure compressors which are 
supercharged versions of the base engine. The weight of these compressors was 
obtain by accounting for the added stage in the front of the base design compressors. 

e. Diffuser-Burner 

The diffuser-burner section includes the diffuser case, the burner liners and 
nozzles, the burner cases both inner and outer, and the no. 3 bearing compart-
ment. Since the high pressure compressor exit diameters are the same for all 
35 cycle combinations, weight variations assumed are related only to burner 
length changes and revisions to the high turbine inlet ratios. Weight changes 
due to length variations were determined from a weight-per-inch of length 
value compared to the base configuration. Case thicknesses were altered where 
burner pressures and temperatures dictated. 

f. High Pressure Turbine Rotor, Stator and Cases 

The base engine, 20, 000 pound (88, 960 newtons) thrust JT9D cycle has a two 
stage high pressure turbine with two stages having cooled vanes and one stage 
having cooled blades. The high pressure turbines of the 35 sample engine com-
binations considered range in numbers of stages from one to three and in rows of 
cooled blades and vanes from two to four. Weight effects were further compli-
cated by variation in hub-tip ratio. Since the high pressure turbines are vastly 
different for each configuration, the weights could not be estimated by merely 
referring to the JT9D base engine component. Consequently a system that pre-
dicted the weight of each turbine was developed. The blade and vane airfoil 
weights were first determined. Knowing blade foil weights a disk weight was then 
determined which was similar mechanically and structurally to the base engine. 
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g. Low Pressure Turbine Rotor Stators and Case 

The base engine, 20, 000 pound (88, 960 newtons) thrust JT9D, has a four stage 
low pressure turbine with no cooled stages. It is an inline design with the rear 
bearing support located aft of the low pressure turbine section. The low pres-
sure turbines of the 35 cycle combinations studied range in numbers of stages 
from one to seven with four turbines being offset and requiring an interturbine 
transition section. As in the case of the high pressure turbine, the weight es-
timates of the low pressure turbine could only be accomplished on an individual 
basis using the same technique previously described for the high pressure turbine. 

h. Shafting 

The shafting weight for the high and low spool was determined after preliminary 
artical speed analysis was completed. Weight increases for additional bearings 
were included where necessary. Weight estimates for the study engines are 
based on the structural arrangements described in section 2. 

i. Turbine Exhaust Case 

The turbine exhaust section on the base engine includes the No. 4 bearing 
compartment and the rear engine mount. The weight of this component was 
obtained by adjusting the base engine turbine exhaust section for diameter changes. 

j. Controls and Accessories 

This section includes the weight of the following: 

Accessory gearbox 
Fuel control and pump 
Ignition system 
Oil tank 
Fuel-oil-cooler 
Fuel heater 
Fuel supply lines and manifolds 
Oil supply lines 
Instrumentation 

It was assumed that all 35 cycle combinations when sized for constant high 
pressure compressor exit corrected airflow would require the same total con-
trol component weight. Components weights were scaled in rough proportion to 
high spool corrected (referred) airflow. 
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B. KEY ASSUMPTIONS AND PROBLEM AREAS 

1. General 

The following paragraphs explain in further detail the calculation procedures 
broadly described in Section A. These procedures were actually employed in 
deriving weights and physical dimensions for the sample engine, but they also 
apply universally to all cycle combinations by virtue of the regression analysis 
process. 

2. Components 

a. Fan 

Key variables required to set the fan are its flow per unit area (W/A), hub/tip 
ratio, and chord length or aspect ratio. For the cruise design, W/A (referred 
to standard conditions) was set at 41.0 lb/sec/ft 2 (200.5K9/sec M2 ). However, 
off-design, take-off operation for some cycle combinations occurred with refer-
red airflows considerably in excess of design, as an overflow condition. To 
avoid the aerodynamic limitations of overflow, a limit of W/A = 43. 0 (210. 3 
Kg/sec. M2 ) was set for take-off and this limit dictated inlet dimensions for 
some engines. 

Fans in all cases were assumed to consist of a single stage with no inlet guide 
vane. Related aerodynamically to the JT9D engine technology, fans were as-
sumed to have the same aspect ratio and hub/tip ratios equal to 0.38 in all cases. 

b. Low Pressure Compressor 

Flow paths were established by fixing design (referred) airflow per unit area at 
35.2 lb/sec/ft2 (172Kg/sec. M2 ) for all engines, holding the ratio of fan tip-
diameter-to-compressor inlet root diameter fixed, and holding the inlet-to-exit 
diameter ratios to give a constant inward slope. The resulting significant de-
sign values for all sample engines are present ir Table VII. 

c. High Pressure Compressor 

Design details of the high pressure compressor are presented in Table VIII. 
Essentially, in keeping with cycle requirements imposed on the JT9D base line 
engine, all compressors were either an 11 stage, variable stator geometry 
spool, or a 12 stage spool, derived from 11 stage spool by the simple addition 
of a stage. Further definition of the spool geometry derived from a combination 
of holding exit Mach number at 0.27 for all spools, keeping inlet hub/tip ratio 
near 0. 70, and having inlet referred flow per unit area near 35 lb/sec/ft2 
(171Kg/sec. M2).
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High Pressure Compressor Descriptions 

Wa	 0T3/ôT3 w/A PT4/PT3 # Stages H/T Dtip 

(in) (Cm) (in) (Cm) (lb/sec-ft2)
2 (Kg/sec-meter 

9.5 11 0.715 (1.82) 25.2	 (64.0) 58.3	 (.292) 34.5 (168) 

10.0 11 0.715 (1.82) 25.2	 (64.0) 60.9	 (.305) 36.0 (175.3) 

11.5 12 0.669 (1.70) 26.8	 (68.2) 68.6	 (.3439) 31.7 (154.5) 

12.5 12 0.669 (1.70) 26.8	 (68.2) 73.5	 (.378) 34.0 (165.8)

or 

(a 3
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d. Burner 

The overall burner arrangement used for all sample cycle designs in an annular, 
downstream injection combustor fed by an integrated diffuser. This arrangement 
represents the JT9D design. Variations in pressure losses as related to changes 
in combustor section length and temperature rise are predicated, generally, on 
JT9D technology capability. In certain extreme cases, the engine cycle dictates 
a combustor pressure loss in excess of 14 percent, which does not represent a 
practical design from a performance standpoint. For the purposes of the para-
metric study, these engine cycles were arbitrarily limited to that value and 
have been so noted in all tabulations of results. 

The basic problem in pressure loss exists with all cycles having a cycle pres-
sure ratio equal to 15:1 in combination with take-off turbine inlet temperature 
equal to 2300°F (1534°F), or cruise turbine temperature equal to 2100°F (14200K). 
These cycles represent extremes in burner length required to accommodate a 
large temperature rise, and thus extremes in wetted liner surface area that re-
quire cooling. The high pressure loss associated with large quantities of cool-
ing air results in combustor overall pressure losses exceeding 14 percent. 

To offset the need for large quantities of cooling air, either an improved effec-
tiveness in cooling technique or an improved capability of liner material to with-
stand higher metal temperatures must be developed. Consequently, the engine 
cycle combinations noted as exceeding current technology would, if selected, 
require additional development effort to improve their burner liner cooling capa-
bilities. 

Significant design variables for the burner sections of the sample are shown on 
Table IX. 

e. Turbines 

The primary design variable relating turbine performance to turbine design is 
the mean velocity ratio* per stage. In accordance with the current state-of-the 
art technology in turbine aerodynamic design, the high pressure turbine mean 
velocity ratio selected for all engine designs was 0. 55; the selected low pressure 
turbine mean velocity ratio was 0. 48. The combination of velocity ratio and cycle 
work requirements determined the numbers of stages required in each case. 

To establish the turbine exhaust dimensions, the exit Mach number for all engine 
arrangements was set to be 0. 4. With the I. D. of high and low pressure turbines 
assumed to slop slightly inwards (constant I. D., but with overlap descending 
downstream), all turbines were close-coupled where practical. In a few instances 
in the sample configurations, it was deemed necessary to couple high and low 
pressure turbines by means of an increasing diameter transition duct. These 
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cases occurred in every instance where high bypass ratio demanded large low 
pressure turbine diameters to properly balance mean wheel speed with numbers 
of stages, holding the fixed average velocity ratio. The transition section in 
these cases is able to serve double duty by providing space for a bearing support 
as well as directing the high pressure turbine exit flow outward to the increased 
diameter of the low pressure turbine. 

Metal temperatures were held by use of impingement cooled vanes with slotted 
trailing edges, and convectively cooled blades. Consistent with these cooling 
schemes and with turbine materials currently in commercial service, cooling 
air variations were selected to reflect at least 3, 000 hours TBO and 5, 000 hours 
parts life capability for all cycle combinations studied. 

3. Overall Engine Design Assumptions 

Some of the primary design assumptions required in establishing the overall 
engine designs and dimensions included: 

• Linear dimension scale by the square root of the thrust ratio between 
two engines. 

• The ratio of blade length vs. chord kept constant for a particular stage 
(constant aspect ratio). This maintains desirable vibration charac-
teristics. 

• Although gaps between stages do not scale exactly linearly, it is as-
sumed that they do scale linearly from the 20, 000 pound (88,960 newton) 
base engine. 

• Tip speed of rotating components remains constant. Rotor speeds are 
thus inversely proportional to physical dimensions. 

o	 Critical speed scales with a linearly scaled engine, but because the 
engines are not directly scaled, critical speed characteristics were 
evaluated by comparing dimensions and speeds with data obtained from 
past studies on the (88, 960 newtons) 20, 000 pound thrust engine, and 
by judging from experience when additional bearing support is required. 

• From past experience it was determined that the maximum acceptable 
physical fan tip speed is 1700 ft. (517 m) per sec. 

• High pressure turbine length is dictated by cooling requirements rather 
than by maintaining constant aspect ratio. 

• Stresses caused by steady state loads are constant. 
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• Bearing DN (Diameter times Speed) is a maximum of 1. 9 x 106. This 
sets the bearing diameter. 

Having established the key design variables for the components, a preliminary 
determination was made of the over-all engine length, mechanical arrangements, 
and structural arrangements. First, air-flow requirements set the basic diam-
eters of the engine. Then, fan area was set, and the diameter was calculated 
with the requirement that the ratio of the fan-hub diameter to tip diameter be a 
constant. Next, the length was established with a constant-aspect-ratio fan 
blade. The diameter of the low-pressure compressor's hub is set by the fan 
hub, and performance requirements determine the number of low-pressure com-
pressor stages. The length of the low-pressure compressor was established by 
comparing the ratio of the inlet blade length to the overall axial length to a ref-
erence engine with the same number of stages. This length was kept to a mini-
mum of (19. 1 cm) 7. 5 inches since there must be sufficient length between the 
low- and high-pressure compressors to accomodate the bearings, tower shaft, 
and other accessories. 

The intermediate case strut length was set at (12. 1 cm) 4. 75 inches for engines 
with three stages of low-pressure compressor or less. Strut length was raised 
to (14. 0 cm) 5. 50 inches for four-stage low-pressure compressor engines be-
cause the additional overhang requires a better support structure. Here, the 
minimum length was maintained for structural integrity and to provide passages 
to get the tower shaft and other services into the bearing compartment. 

The same general technique was used to establish the length of the high-pressure 
compressor as was used for the low-pressure compressor. Additional length 
was provided when a 12-stage high-pressure compressor was used rather than 
the standard 11-stage compressor. 

Chord length on the high-pressure turbine was set by the restrictions on the in-
ternal cooling flow passages. As a result, individual stage lengths were fixed, 
and over-all length was determined by the number of stages. The length of the 
low-pressure turbine was determined by calculating the average stage length 
from the baseline engine, and multiplying by the number of stages. 

The exhaust-case length was kept constant for all the engines, since the rear 
bearing design does not change significantly from engine to engine. 

In some cases, the basic requirement of maintaining a constant aerodynamic 
philosophy produced a large misalignment between the low- and high-pressure 
compressors and between the low- and high-pressure turbines. When this oc-
curred, additional length was provided for a transition duct between the mis-
aligned components. The tabulation in Appendix A summarizes all design dimen-
skms established for the sample cycles. 
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4. Weights Determination 

Because weight scaling is such an important part of the weight estimating tech-
nique used in this program, a brief discussion of the assumptions made relative 
to weight scaling is appropriate. 

The thrust of a gas turbine engine does not scale at the same rate as weight. 
Briefly, thrust is proportional to the square of the engine diameter or directly 
proportional to engine airflow, while weight is theoretically proportional to the 
cube of the diameter or the 3/2 power of thrust. In actual practice, the well-
known square cube law of scaling is rarely realized since the effects of weight 
scaling are dependent on size, complexity, and state-of-the-art. The scaling 
technique used in this study was based on an extensive study conducted by Pratt & 
Whitney Aircraft on reduced size JT9D engines, Scaling assumes that pressures, 
temperatures, flight conditions, and materials are not changed and that airflow 
per unit frontal area, tip speed(s), blade and vane aspect ratios, hub-tip ratios, 
and structural integrity are not changed. Modifications were made in the Task 
I study, where appropriate, to make the ordinary scaling techniques applicable 
to the 35 sample cycle combinations. 

C. DISCUSSION AND INTERPRETATION OF RESULTS 

The diameter, lengths, and weights for all cycle combinations studied under the 
contract are tabulated in Appendix A. Variations of weights and dimensions 
with thrust are indicated in the tabulation by including values for both 20, 000 
pounds (88, 960 newtons) and 25, 000 pounds (111, 200 newtons) take-off thrust levels. 

With so many cycle variables involved, no direct presentation of the resulting 
weight trends is possible. However, some representative trends may be inferred 
from selected plots taken from among the complete output data. 

To select a limited range of variables for convenient presentation, all engine 
cycles were first narrowed to include just those cycles having a specified cruise 
thrust level (Fn cruise = 4900 pounds (21, 800 newtons). Then, the middle of the 
overall compression ratio range was chosen as representative of overall trends 
with the other variables. The resulting trends of engine weight variation with 
bypass ratio and take-off turbine inlet temperature are shown for fan pressure 
ratios of 1. 30, 1. 55, and 1. 70, respectively, on Figure 28, 29, and 30. 
Finally isolated effects of overall compression ratio are shown for the fixed 
combination of 5. 0 bypass ratio, 1. 55 fan pressure ratio, and 1950'F (1390°K) 
turbine inlet temperature, each value being in the center of its range. 
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Figure 28 Engine Weight vs Bypass Ratio and Turbine Inlet 
Temperature 
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Temperature 
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Figure 30	 Engine Weight vs Bypass Ratio and Turbine Inlet 
Temperature

As would be expected, the engine weights are directly influenced by turbine 
inlet temperature levels, the lightest engines coming with the highest tempera-
ture levels. The bypass ratio and fan pressure ratio effects are less manifest. 
Since increasing bypass ratio tends to improve propulsive efficiency, overall 
engine size tends to reduce with increasing bypass ratio. However, this tendency 
is offset by the increased weight due to the larger diameters and larger fan 
drive turbines inherent with higher bypass ratios. As a net effect, (within the 
assumptions of engine design in this study,) there appears to be a gradual de-
crease in weight with bypass ratio at the 1. 3 fan pressure level; while there is 
an increase in weight at the 1. 55 and 1. 7 fan pressure ratio levels. At these 
latter levels propulsive efficiency does not improve so rapidly with increasing 
bypass ratio, and turbine work levels are higher, and require larger turbines. 

The trend with compression ratio depicted in Figure 31 shows a gradual de-
crease, then increase in weight. This reflects chiefly the conflicting effects 
of reduced engine size due to increased density in the engine core with super-
charging from the increased pressure ratio, on the one hand, and increased 
numbers of stages required with greater pressure ratio, on the other. 
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Figure 31 Effect of Cycle Pressure Ratio on Engine Weight 

The trends of weight variation illustrated in Figures 28 through 31 are only 
representative, and should not be construed as being followed in every case 
listed in Appendix A. In addition, the absolute weight levels associated with 
the engine study are valid only within the listed assumptions and are accurate 
only to the consistency of a broad parametric study, as this Task I effort has 
been.
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APPENDIX A

TABULATION OF RESULTS 

EXPLANATION OF CYCLE IDENTIFICATION CODE AND REMARKS CODE 

In order to identify as succinctly as possible each of the 243 distinct engine 
cycle combinations in the Task I parametric study, a mnemonic code system 
was adopted. The identification code is an 11-symbol 'word", denoting the 
value of each engine cycle parameter as well as the engine's take-off thrust. 
The code is defined by example in Table X. Supplementary designations of 
bypass-ratio are given in Table XI. Table XII presents a reference cycle for 
the JT3D-3B engine.

TABLE X

SAMPLE MNEMONIC CODE SYSTEM 
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-1S Th 6 
iUp1_	

I/c 
Symbol 
Position 

l& 2 

3 

4& S 

6 
7&8 

9 
lo& 11 

Examples: 

80-951355-24 

60*30S70B30

Cycle Parameter 

Cruise Turbine 
Inlet Temp., OF 

Take-Off Thrust, lb 

Take-Off Turbine 

Inlet Temp., OF 
Bypass Ratio ((F) 
Fan Pressure 
Ratio (RCf) 

Bypass Ratio 
Overall Pressure 
Ratio (Rc) 

TITcr = 1800 F 

TITtO = 1950F

=5.0 

Rcf =	 1.55 

Rc = 24.5 

Fn = 20,000 lb. 

TITer 1600 F 

TITt O 2300 F 

'I) = 3.50 

Rcf =	 1.70 

Rc = 30.0 

Fn = 25,000 lb.

Value	 Code

1600 60 
1800 80 
2100 10 

20000 - 
25000 * 

1600 60 
1950 95 
2300 30 

(See Table A-2) 
1.30 30 
1.55 55 
1.70 70 

(See Table A-2) 
15.0 15 
24.5 24 
30.0 30

is"

73 
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TABLE XI 

SUPPLEMENTARY DESIGNATIONS OF BYPASS-RATIO 

Bypass 
Designation	 Ratio 

A 3 
B 5 
C 8 
D 6 
E 4 
F 5.4 
H 4.8 
I 3.75 
J 7.75 
K 7.25 

L 6.85 
M 5.80 
N 5.10 
0 6.75 
P 6.25 

Q 6.40 
R 6.0 
T 7.50 
U 5.25 
V 4;25 

W 4.90 
X 6.50 
Y 3.65 
z 7.0 
S-A- 4.5 
S-B- 3.5

The "Remarks" column on the tabulation sheets of the Task I parametric study results con-
tains a code identifying certain aerodynamic or mechanical problems associated with the 
engine cycle. The code is defined as follows: 

Code Number	 Problem 

2	 Fan exceeds the maximum allowable ratio of flow to area. 
(W/Amax = 43 lb/sec/ft2) 

3	 Fan Rotor exceeds the maximum allowable mechanical speed 
(maximum tip speed = 1 700 fps) 

4	 Burner liner requires more advanced materials or more advanced cooling 
system than is available in state-of-the-art annular combustors. 

The results of the parametric studies are shown on the computer tabulations complied in the 
remainder of this appendix.
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TABLE XII


JT3D-3B ENGINE REFERENCE CYCLE 

PERFORMANCE

Max Cruise 35000' Alt 
Std Day SLS T/O
	

0. 82 MN 

FN Total
	

18000	 4440 

WA Total
	

464
	

186 

TSFC	 .535	 .80 

BPR
	

1.415	 1.41 

TT5
	 1600°F

	
1415°F 

FPR
	 174
	

1.74 

OPR
	

13.5
	

14.1 

GEOMETRY 

Fan Tip Diameter 

Engine Length 

Engine Weight 

Takeoff 

Approach

51" 

137" 

4260 lbs.

NOISE 

JT3D-3B (4 Engines) 

Altitude 

620' 

327'

Total
	

Jet 

119.7
	

112,2 

116.4	 95.3 
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PRATT & WHITNEY AIRCRAFT
	 PWA-3516 

APPENDIX B

NOISE CONTOUR PLOTS 

SUMMARY LISTING OF NOISE CONTOUR PLOTS 

Cycle	 Condition	 Figure 

JT3D-3B Takeoff Max. 32 
JT3D-3B Cutback at 1000 ft. Alt. 33 
JT3D-3B Approach 34 
10-30C30-30 Takeoff Max. 35 
10-30C30-30 Cutback at 1000 ft. Alt. 36 
10-30C30-30 Approach 37 
10*30C30_30 Takeoff Max. 38 
10*30C30_30 Cutback at 1000 ft. Alt. 39 
10*30C30_30 Cutback at 3 Mile Point 40 
10*30C30_30 Approach 41 
80-95A70-30 Takeoff Max. 42 
80-95A70--30 Cutback at 1000 ft. Alt. 43 
80-95A70-30 Approach 44 
80*95A70_30 Takeoff Max. 45 
80*95A70_30 Cutback at 1000 ft. Alt. 46 
80*95A70_30 Cutback at 3 Mile Point 47 
80*95A70_30 Approach 48 
80-951355--24 Takeoff Max. 49 
80-95B55-24 Cutback at 1000 ft. Alt. 50 
80-95B55-24 Approach 51 
80*95B55_24 Takeoff Max. 52 
80*95B55_24 Cutback at 1000 ft. Alt. 53 
80*95B55_24 Cutback at 3 Mile Point 54 
80*95B55_24 Approach 55 
80-95B70-24 Takeoff Max. 56 
80-951370-24 Cutback at 1000 ft. Alt. 57 
80-95B70-24 Approach 58 
80*95B70_24 Takeoff Max. 59 
80*95B70_24 Cutback at 1000 ft. Alt. 60 
80*95B70_24 Cutback at 3 Mile Point 61 
80*95B70_24 Approach 62
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PRATT & WHITNEY AIRCRAFT
	 PWA-3516 

APPENDIX C


STATISTICAL ANALYSIS 

In general, to investigate all linear and curvilinear effects for N variables at L 
levels would require LN tests. For example, if three levels of each variable 
were desired, it would require three tests for one variable, nine tests for two 
variables, 27 for three variables, 243 for five variables, 729 for six variables, 
and so on. Generally, when five or more variables are to be investigated, such 
a series of experiments becomes prohibitively expensive. Statistical engineering 
methods such as the multiple regression analysis bridge the gap between the 
practical aspects of the problem and all possible theoretical considerations. The 
hypothesized mathematical model and the subsequent sampling scheme are the 
result of planning and tailoring the experiments to attain the required informa-
tion. For example, an expert in the particular field might know that certain 
variables have no effect on the desired results, or that one particular variable 
has only a linear effect, or that there is no interdependent effect between two of 
the variables. In such a case it would be unnecessary to use a full-factorial test 
design, since that design would test for information already known. Refining 
the basic design eliminated unnecessary test combinations, while obtaining the 
desired information. 

The objective of Task I was to perform engineering calculations on engine ther-
modynamics and cycles and on exhaust and fan noise generation and propagation 
in a study directed toward providing the basis for selection of engine cycle and 
engine component characteristics for a quiet engine design. Calculations were 
to be performed for not less than 240 discrete cycle combinations to determine 
14 noise characteristics, and the weights and dimensions of engines for 20, 000 
pounds (88,960 newtons) thrust and 25, 000 pounds (111,200 newtons) thrust. 
This makes a total of eighteen characteristics to be determined for each discrete 
cycle, for a total of more than 4,370 calculations. Since these calculations 
would be too expensive and too time-consuming if performed individually, the 
contractor has chosen to use a multiple regression analysis to determine most 
of the required characteristics. 

A. GENERAL METHOD 

To illustrate the general method used in the statistical analysis for Task I, let 
us consider the problem of finding the equation of the curve through the data 
points shown in Figure 63. The general ploynominal equation of the curve must 
be Y = Co + C].X + C2 X2 +C3 X3  +. . . + C nXn. In this case, let us assume that 
a parabola will produce a sufficiently accurate fit. The equation of the parabola 
will then be Y = CO + C 1X + C 2X2 . The constants in this equation are called re-
gression coefficients, and they are found by solving simultaneously the equations 
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PRATT & WHITNEY AIRCRAFT 

2Y= C0N + C 1 X + 

= Co 2;X +	 + c2x3 

= c 0 x2 c 1 :x3 •- C.) 2: X4 

X 

Figure 63. Simplified Example of Multiple Regression Technique 

The fit of the equation to the data by this method results in minimizing the square 
of the difference between the test data and the values predicted by the equation. 
That is, x (Y actual - equation)2 is minimized. Although this method produces 
the least squares fit, in some cases, a second-order equation may not represent 
the data with sufficient accuracy. To measure the accuracy with which the equa-
tion fits the data, the coefficient of correlation is used. 

The coefficient of correlation is the square root of the ratio between the explained 
variation and the total variation. The total variation is the sum of the squares of 
the differences between the individual Y and the mean Y, and the explained varia-
tion is the sum of the squares of the differences between the individual Y estimates 
and the mean Y. A coefficient of correlation of 0 would indicate no relationship 
between the data and the curve, while a coefficient of ±1 would indicate a perfect 
correlation. 

In general, the order of importance of each term in the equation is not known. 
Initially, the single best correlating term is solved. The sequence then proceeds 
to solve the equation with the preceeding term(s) and the next best correlating 
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PWA-35 16 

terms. This procedure is carried out until terms no longer contributing to the 
solution are encountered or until the complete hypothesized equation is solved 
for the best fit coefficient. If the former prevails and the equation adequately 
represents the data, the problem is solved. If the equation does not adequately 
represent the data, this would imply the wrong model equation, and new models 
could be hypothesized and the procedure repeated. If the latter prevails, that 
is, the equation has been solved for the best fit coefficient and the adequacy of 
the fit is acceptable, the problem is solved. The final equation evolved in this 
manner will quantitatively specify the ability of the equation to predict the func-
tion under study. 

The preceeding discussion can be extended to include as many variables as de-
sired, and variations in the model equation are possible. The basic require-
ment is to preplan the designed experiment so that the required test combina-
tions are available to fit the model equation suggested by the existing knowledge. 
The final adequacy of the equation is the ability of the model to predict points 
which were not tested. Several additional test points should be made available 
to compare the observed values with the predicted values from the model equa-
tion. The test points which were available for the regression analysis used in 
Task I are shown in Table XIII for the noise analyses and in Table XIV for the 
weight and length analyses.
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B. KEY ASSUMPTIONS 

The statistical program plan for response-surface development was designed 
to accurately predict the 4374 requested points while staying within the time 
and budgetary limitations of the program. These limitations made it mandatory 
to design a sampling scheme for response surface development using an absolute 
minimum of test points. 

The statistical methodology used in Phase I of this program was based on the 
assumption that there exists a relatively smooth response surface for each of 
the required operating levels which can be mathematically described with the 
five engine cycle variables and a minimum of test points. By using a small, 
statistically designed sample of test points within each response surface, a re-
gression equation can be developed that will adequately describe the entire re-
sponse surface of interest. Using this regression equation, the 242 required 
points for each response surface can then be generated. 

The basic consideration of this program was to develop the best sampling scheme 
possible with the allotted number of test points. 

For the estimates of engine weight, it was initially assumed that take-off turbine 
inlet temperature could be eliminated as a variable and assumed to be constant at 
1950 degrees Fahrenheit. By using only the extremes of the remaining four para-
meters, the total number of cycle combinations was reduced to 16, as shown in 
Table XV. These 16 combinations reveal all the linear and gross interacting 
effects of each of the variables on engine weight. Curvilinear effects were in-
ferred by sampling intermediate points. In the case of the weight analysis, a 
sample set of intermediate points was taken using the JT9D cycle as a basis. 
Subsequent points were derived by changing each parameter up or down by one 
level. The nine points so obtained are given in Table XVI. By using the 25 
points from Table XV and XVI, the contractor derived the weights of engines 
using 81 combinations of cycle parameters. 

After a more thorough examination of the effect of take-off turbine inlet temper-
ature, it was determined that this parameter does have a significant effect on 
engine weight because of its influence on burner length. It was also determined 
that the only other parameters which would have this effect are cycle pressure 
ratio and cruise turbine inlet temperature. In other words, engine weight is in-
dependent of bypass ratio and fan pressure ratio. By taking the extremes of the 
remaining three variables, their linear effects on weight were determined from 
only eight additional cycles. These cycles are listed in Table XVII as cases 26 
through 33. To obtain curvilinear effects, two additional cycles (cases 34 and 
35 in Table XVII) were derived by the same method used to derive the cycles 
in Table XVI. Actually, sufficient intermediate data was available from the 
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cycles of Table XVI so that cycle 35 was dropped. When the regression analysis 
had been performed, an arbitrary cycle (case 36) was used to check the re-
sults of the analysis, and was found to be in good agreement. Table XIV shows 
the design of the experiment in matrix form. 

TABLE XV 
REQUIRED POINTS FOR LINEAR EFFECTS ON 


LENGTH AND WEIGHT 

Fan	 Cycle	 Turbine Inlet Temperature 

	

Case	 Bypass	 Pressure	 Pressure 

	

Number	 Ratio	 Ratio	 Ratio	 Cruise	 Take-Off 
(°F) (°K)	 (°F) (°K) 

	

1	 3	 1.3	 15	 1600 1144	 1950 1340 

	

2	 3	 1.3	 15	 2100 1422	 1950 1340 

	

3	 3	 1.3	 30	 1600 1144	 1950 1340 

	

4	 3	 1.3	 30	 2100 1422	 1950 1340 

	

5	 3	 1.7	 15	 1600 1144	 1950 1340 

	

6	 3	 1.7	 15	 2100 1422	 1950 1340 

	

7	 3	 1.7	 30	 1600 1144	 1950 1340 

	

8	 3	 1.7	 30	 2100 1422	 1950 1340 

	

9	 8	 1.3	 15	 1600 1144	 1950 1340 

	

10	 8	 1.3	 15	 2100 1422	 1950 1340 

	

11	 8	 1.3	 30	 1600 1144	 1950 1340 

	

12	 8	 1.3	 30	 2100 1422	 1950 1340 

	

13	 8	 1.7	 15	 1600 1144	 1950 1340 

	

14	 8	 1.7	 15	 2100 1422	 1950 1340 

	

15	 8	 1.7	 30	 1600 1144	 1950 1340 

	

16	 8	 1.7	 30	 2100 1422	 1950 1340 

TABLE XVI 
REQUIRED POINTS FOR CURVILINEAR EFFECTS ON 

LENGTH AND WEIGHT 

	

17	 5	 1.55	 24.5	 1800 1255	 1950 (JT9D Cycle) 

	

18	 5	 1.55	 24.5	 1600 1144	 1950 1340 

	

19	 5	 1.55	 24.5	 2100 1422	 1950 1340 

	

20	 5	 1.55	 15	 1800 1255	 1950 1340 

	

21	 5	 1.55	 30	 1800 1255	 1950 1340 

	

22	 5	 1.3	 24.5	 1800 1255	 1950 1340 

	

23	 5	 1.7	 24.5	 1800 1255	 1950 1340 

	

24	 3	 1.55	 24.5	 1800 1255	 1950 1340 

	

25	 8	 1.55	 24.5	 1800 1255	 1950 1340 
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TABLE XVII 
REVISED POINTS FOR LINEAR EFFECTS ON 


WEIGHT AND LENGTH 

Fan Cycle 
Case Bypass Pressure Pressure Cruise Take-Off 

Number Ratio Ratio Ratio (°F) (°K) (°F) (Cr) 

26 5 1.55 15 1600	 1144 1600	 1144 
27 5 1.55 15 1600	 1144 2300	 1534 
2S 5 1.55 15 2100	 1422 1600	 11.1.1 
29 5 1.55 15 2100	 1422 2300	 1531 
30 5 1.55 30 1600	 1144 1600	 1141 
31 5 1.55 30 1600	 1144 2300	 1534 
32 5 1.55 30 2100	 1422 1600	 1141 
33 5 1.55 30 2100	 1422 2300	 153-1 

34 5 1.55 24.5 
35 5 1.55 24.5 

36 6 1.4 30

1800 1255	 1600 11-14 (Deleted) 
1800 1255	 2300 1534 

1850 1283	 2050 1394 (Check Cycle) 

For the noise analysis, all five variables were assumed to have possible inter-
action effects. Therefore, a two-level full-factorial sampling design was chosen. 
This design ensured that linear and curvilinear effects would be considered. To 
obtain the linear and interacting effects, 32 cycles were required. Again, using 
the method by which Table XVI was constructed, the curvilinear effects were 
obtained by using the JT9D cycle as the center point and perturbing each of the 
cycle variables up or down individually. This procedure adds 11 cases for a 
total of 43 cases, which are listed in Table XVIII. The design of the experiment 
is shown in Table XIII in matrix form. 

In all cases, there remained a number of additional available points that could 
be used to predict with confidence the inherent error of each response-surface 
equation. 

C. LIMITATION OF RESULTS 

An equation for each of the 14 noise-response surfaces was developed with the 
sample test points through the use of multiple curvilinear regression analysis 
techniques as previously discussed. If an adequate mathematical model could 
be developed using the original sample test points, the remaining 200 points for 
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TABLE XVIII 

DATA POINTS FOR NOISE STUDIES 

Turbine Inlet Temperature 

Fan Cycle 
Case Bypass Pressure Pressure Cruise Take-Off 

Number Ratio Ratio Ratio (°F) (°K) (°F) (°K) 

1 3 1.3 15 1600 1144 1600 1144 
2 3 1.3 15 1600 1144 2300 1534 
3 3 1,3 15 2100 1422 1600 1144 
4 3 1.3 15 2100 1422 2300 1534 
5 3 1.3 30 1600 1144 1600 1144 
6 3 1.3 30 1600 1144 2300 1534 
7 3 1.3 30 2100 1422 1600 1144 
8 3 1.3 30 2100 1422 2300 1534 
9 3 1.7 15 1600 1144 1600 1144 

10 3 1.7 15 1600 1144 2300 1534 
11 3 1.7 15 2100 1422 1600 1144 
12 3 1.7 15 2100 1422 2300 1534 
13 3 1.7 30 1600 1144 1600 1144 
14 3 1.7 30 1600 1144 2300 1534 
15 3 1.7 30 2100 1422 1600 1144 
16 3 1.7 30 2100 1422 2300 1534 
17 8 1.3 15 1600 1144 1600 1144 
18 8 1.3 15 1600 1144 2300 1534 
19 8 1.3 15 2100 1422 1600 1144 
20 8 1.3 15 2100 1422 2300 1534 
21 8 1.3 30 1600 1144 1600 1144 
22 8 1.3 30 1600 1144 2300 1534 
23 8 1.3 30 2100 1422 1600 1144 
24 8 1.3 30 2100 1422 2300 1534 
25 8 1.7 15 1600 1144 1600 1144 
26 8 1.7 15 1600 1144 1600 1534 
27 8 1.7 15 2100 1422 1600 1144 
28 8 1.7 15 2100 1422 2300 1537 
29 8 1.7 30 1600 1144 1600 1144 
30 8 1.7 30 1600 1144 2300 1534 
31 8 1.7 30 2100 1422 1600 1144 
32 8 1.7 30 2100 1422 2300 1534
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TABLE XVHI (Cont'd)

Turbine Inlet Temperature 

Fan	 Cycle 
Case Bypass Pressure Pressure Cruise Take-Off 

Number Ratio Ratio Ratio (°F) (°K) (°F) (CK) 

33 5 1.55 24.5 1800 1255 1950 1340 
34 5 1.55 24.5 1800 1255 1600 1144 
35 5 1.55 24.5 1800 1255 2300 1534 
36 5 1.55 24.5 1600 1144 1950 1340 
37 5 1.55 23.5 2100 1422 1950 1340 
38 5 1.55 15.0 1800 1255 1950 1310 
39 5 1.55 30.0 1800 1255 1950 1340 
40 5 1.3 24.5 1800 1255 1950 1340 
41 5 1.7 24.5 1800 1255 1950 13-10 
42 3 1.55 24.5 1800 1255 1950 1340 
43 8 1.55 24.5 1800 1255 1950 1310

each of the 14 noise-response surfaces could then be generated. In most cases, 
however, the unanticipated peculiarities of the response surface were such that 
a number of additional available test points had to be utilized in order to ade-
quately define the response surface. These additional points were to be used to 
calculate the error of each of the mathematical models. Because of the necessity 
to use these additional points, confident error predictions of each response sur-
face could not be realistically attained. However, 3 check points were made 
available for each response surface in order to check the accuracy of each equa-
tion. Table XIX compares the actual check point values for each noise-response 
surface with the values that were generated by the mathematical model. Also 
included, is the 95 percent confidence limits of each regression equation which 
demonstrates how well each regression equation fits the sampled data used to 
develop each equation. 

The weight per pound of airflow regression equation and the length regression 
equation for the 20, 000-pound (88, 960 newtons) thrust engine were developed in 
a manner similar to the noise regression equations. However, because of pro-
gram limitations, only one check point for each response surface could be made 
available. A comparison of these check points with the values generated by 
their respective math model is shown in Table XX. 

Utilizing JT9D configuration scaling factors, the weight per pound of airflow and 
length of each 25, 000-pound (111, 200 newtons) thrust engine was generated from 
its respective 20, 000-pound (77, 960 newtons) thrust engine having the identical 
engine cycle parameters.
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TABLE XIX

CHECK POINTS FOR NOISE RESPONSE SURFACES 

95% 
Confidence 
Limit Observed Predicted 

TAKE OFF ± PNDB) (PNDBJ (PNDB) 

Fn=20, 000 lb Total Noise 2.4679 119 118 1 
(88,960N) 108 112 4 

112 114 2 
Jet Noise 2.9093 92 94 2 

116 116 0 
109 108 1 

Fn=25, 000 lb Total Noise 2.5082 102 103 1 
(111,200N) 113 113 0 

101 102 1 
Jet Noise 3.0286 97 98 1 

109 110 1 
84 82 2 

TAKE OFF c/B AT 3 MILES 

Fn=25, 000 lb Total Noise 2.3720 99 96 3 
(111,200N) 100 97 3 

100 98 2 
Jet Noise 2.106 100 96 4 

93 93 0 
77 79 2 

TAKE OFF C/B AT 1000 FT. 

Fii=20, 000 lb. Total Noise 2.2257 109 107 2 
(88,960N) 103 101 2 

105 106 1 
Jet Noise 3.2732 109 110 1 

91 90 1 
88 90 2 

Fn=25,0001b Total Noise 2.0227 102 101 1 
(111,200N) 104 102 2 

101 98 3 
Jet Noise 2.9148 86 86 0 

102 102 0 
77 79 2
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TABLE XIX (Cont'd) 

CHECK POINTS FOR NOISE RESPONSE SURFACES 

95% 
Confidence 
Limit Observed Predicted 
(±PNDB) (PNDB) JPNDB) 

Total Noise 0.7971 106 107 1 
106 103 3 
101 101 0 

Jet Noise 1.3480 88 90 2 
87 86 1 
97 97 0 

Total Noise 0.7000 99 100 1 
103 102 1 
106 107 1 

Jet Noise 2.0633 87 87 0 
89 90 1 
91 93 2

APPROACH 

Fn=20, 000 lb 
(88, 960N) 

Fn=25, 000 lb 
(111, 200N)

TABLE XX 

CHECK POINTS FOR WEIGHT AND LENGTH RESPONSE SURFACES 

95% 
Confidence 
Limits 

\VEICIIT PER POUND 
OF AIRFLOW	 0. 3406 vt/lb 

airflow 

LENGTH	 ±15.8 cm.

Observed	 Predicted 

4.29 wt/lb 4.42 wt/lb 0. 13 wt/lb 
airflow	 airflow	 airflow 

273.8 cm	 262.8 cm 11.0Cfl 
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ABSTRACT 

Trends of noise, performance, weight, and dimensions were tabulated for 242 
combinations of cycle variables for each of two different levels of take-off thrust. 
The five cycle variables considered were bypass ratio, fan pressure ratio, cycle 
pressure ratio, and turbine inlet temperature at cruise and take-off. A multiple 
regression analysis technique was used to establish the trends. Several cycles 
gave promise of meeting the program's noise-reduction goals. 
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