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FOREWORD

The Advanced Turbocharger Design Study (ATDS), Contract NAS3-
22750, was conducted by the Garrett Turbine Engine Company (GTEC)
and the AiResearch Industrial Division (AID), divisions of The
Garrett Corporation, for the National Aeronautics and Space Admin-
istration, Lewis Research Center. Subcontract support was provided
by the Cessna Aircraft Co., Pawnee Division and by AVCO-Lycoming,
Williamsport Division.

The authors would like to thank the following NASA-Lewis per-
sonnel for their specific contributions to the program: K. L.
Abdalla, T. J. Wickenheiser, and W. F. Hady. Special appreciation
is also extended to Teledyne Continental Motors and to the
Curtiss-Wright Corporation for the essential information supplied
by them that made this program possible.
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1.0 SUMMARY

The GTEC Advanced Turbocharger Design Study (ATDS) Progranm,
NASA Contract NAS3-22750, was conducted to determine the potential
of advanced turbochargers as candidates for application to advanced
technology engines in light, general-aviation aircraft capable of
moderately-high altitude operation. The primary objectives of this
program were to:

o Define the benefits expected from applying advanced tur-
bocharger concepts to advanced technology intermittent
combustion (IC) engine concepts.

o Define the turbocharger technology programs needed to
realize the most significant advancements.

o Describe the scenario necessary to convert this techno-
logy into a cost-effective turbocharger family having
numerous applications.

Studies conducted by several airframe manufacturers were used
to define the mission profiles and aircraft performance for several
engine configurations. Garrett then selected four of these con-
cepts for analysis in the ATDS Program.

At the onset of the ATDS Program, three advanced turbocharged
reciprocating engines were modeled for a 250-bhp cruise, 25,000~
foot altitude condition. The performance of these designs was then
compared to a current baseline configuration. The four engines
were:

0 TIO-540 (Baseline Engine) -~ Current Technology Spark-
Ignition Turbocharged Reciprocating Engine

le] GTS10-420/SC ~ Highly Advanced Spark-Ignition Strati-
fied-Charge Turbocharged Reciprocating Engine

o RC2~32 - Highly Advanced Spark 1Ignition Stratified
Charge Turbocharged Rotary Combustion Engine

o GTDR - Highly Advanced Two-Stroke Diesel Turbocharged
Radial Engine.

The RC2-32 engine was ultimately selected as the reference
engine for designing the advanced turbocharger, since its overall
needs were the approximate median of the turbocharger requirements
of all of the advanced engine designs under study. The results of
the ATDS Program showed that the ATDS turbocharger concept is, in-
deed, a viable candidate for such an application. Moreover, many
of the technologies satisfy the needs of nonaviation applications,
as well. However, it was also determined that additional component



development programs must be instigated immediately to enable the
ATDS turbocharger concept to be committed to production. These in-
clude such programs as compressor and turbine aerodynamics, ad-
vanced turbine materials, gas-foil bearing technology, and struc-~
tural advancements (i.e., advanced lightweight materials).



2.0 INTRODUCTION

This document is submitted to NASA by Garrett Turbine Engine
Company (GTEC) and AiResearch Industrial Division (AID), divisions
of The Garrett Corporation. It presents the Final Report for the
Advanced Turbocharger Design Study (ATDS) Program as requested in
Exhibit A, Task IV of Contract NAS3-22750. The program was con-
ducted from April 1, 1981 through April 30, 1983 for the NASA-Lewis
Research Center (NASA-LeRC).

AID performed over 40 percent of the ATDS effort, and is the
world's largest producer of turbochargers for both the general- and
nonaviation marketplace. Over 60,000 turbochargers are produced
each month--400 of which are used in light, general-aviation air-
craft. AID has contributed major advancements in the areas of con-
trol systems and heat exchangers, as well as turbocharger aerody-
namics, all of which have expanded the use of turbochargers in
general-aviation aircraft for moderately high-altitude operation.

2.1 Background

The desire to provide a lightweight aircraft capable of high-
altitude operation, coupled with the anticipated problems associat-
ed with availability, cost, and quality of aviation fuels led to
the examination of alternate powerplant configurations for this ap-
plication. On-going progress in this technology that can be di-
rectly applied to turbochargers led NASA-LeRC to undertake a re-
examination of the issues of turbocharger design, technology, and
application.

2.2 ATDS Program Scope

The program effort comprised the following tasks:

o] Task I - To evaluate advanced engine performance
parameters to determine turbocharger require-
ments, and to evaluate technologies potenti-
ally applicable to advanced turbocharger de-
signs.

o Task II - To perform trade-off studies to define tech-
nologies and features for a conceptual de-
sign, and to select the engine with the most
representative turbocharger requirements.

o TASK III - To prepare a conceptual design of an advanced
turbocharger system for the reference engine
selected in Task II.



o Task IV - To assess the overall market impact of an ad-
vanced turbocharger. To prepare a technology
demonstration plan for advanced general-avia-
tion turbochargers.

The turbocharging requirements of three advanced reciprocat-
ing engines in the 250-bhp cruise, 25,000-foot altitude class were
used to assess the needed technologies for this application. These
were then compared to the requirements of a current production tur-
bocharged piston engine. These four engines (selected from NASA
programs currently underway) were:

o TIO-540 (Baseline engine) - Current Technology Spark-
Ignition Turbocharged Reciprocating Engine

o GTSIO-420/SC ~ Highly Advanced Spark-Ignition, Strati-
fied Charge, Turbocharged Reciprocating Engine

o RC2-32 ~ Highly Advanced Spark Ignition Stratified
Charge Turbocharged Rotary Combustion Engine

o GTDR - Highly Advanced Two-Stroke Diesel Turbocharged
Radial Engine.

2.3 Related Work Effort

Portions of the ATDS Program activity were subcontracted to
the Cessna Aircraft Co., Pawnee Division and to the AVCO-Lycoming,
Willamsport Division. Cessna support provided aircraft performance
and cost sensitivities to engine parameters which were used to
evaluate the ATDS installation. These sensitivities are listed in
Appendix I. Lycoming support provided data for the baseline
engine. Results of engine design studies prepared for NASA by
Teledyne Continental Motors and by the Curtiss-Wright Corporation
for the highly advanced spark ignition, diesel, and rotary engines
were also taken into consideration.

2.4 Significance of the ATDS Program

The ATDS Program established that advanced technology turbo-
chargers are viable candidates for meeting the general-aviation
needs of the future. The study identified that a family of turbo-
chargers is needed with the range of flow capacities and pressure
ratios required for the diverse requirements of both aviation and
nonaviation engines.

Technology demonstration programs were also identified that,
if initiated immediately, would lend impetus to development of ad-
vanced turbocharger designs.



The studies showed that the RC2-32 best represented the turbo-
charger requirements, since its pressure ratio, airflow, and system
configuration needs had many points in common with the other two
advanced engines. The trade-off studies identified a single-spool,
single-stage free-floating configuration as the simplest and most
cost-effective system. The concept features gas-lubricated bear-
ings, a ceramic turbine rotor, a high-pressure-ratio compressor,
and lightweight structures.

In addition, market impact studies conducted as part of the
program identified the ATDS turbocharger technologies as having
many applications, besides that of general aviation; i.e., automo-
tive, marine, and ground-power usage.

2.5 Purpose of the ATDS Program

The primary objective of the ATDS Program was to develop a new
turbocharger concept for potential use in future light aircraft
capable of high-altitude operation. A secondary objective was to
evaluate and assess the market potential for this newly evolved
turbocharger not only in the general aviation marketplace, but in
related markets, (i.e., automotive, locomotive, marine, etc.).
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3.0. PROGRAM APPROACH

3.1 Requirement Definition

A review of the several NASA advanced engine and airframe
studies was conducted to select the operating parameters to be used
in the ATDS Program. Using this information, three advanced
engines and one baseline engine were selected for ATDS evaluation.
These were:

Study/Configuration Model No. Contractor

Highly Advanced Spark- GTSIO0O-420/SC Teledyne Continental Motors/
Ignition Stratified Aircraft Products Div.
Charge Turbocharged (TCM/APD)

Recipricating Engine

Highly Advanced Spark RC2-32 Curtiss-Wright (C-w)
Ignition Stratified-
Charge Turbocharged
Rotary Engine

Highly Advanced Two- GTDR-246 Teledyne Continental Motors/
Stroke Diesel General Products Div.
Turbocharged Radial (TCM/GPD)

Engine

Current Technology TIO-540 AVCO-Lycoming (AL)
Spark-Ignition
Turbocharged
Reciprocating

(Baseline) Engine

The selected advanced engine configurations are described in
Figure 1 and Table 1. Near the end of the program, NASA requested
that final comparisons allow for a reduction of displacement of the
diesel engine from 246 cubic inches, based on expected technology
advancements to improve comparability among engine technology
levels. In comparisons made on this basis, the diesel engine is
identified as "GTDR" rather than as "GTDR-246". The turbocharger
system requirements for each engine (as identified by each engine
company) are also listed in Table 2. The wide variations in these
requirements are more apparent in Figure 2. These comparisons show
the diverse requirements of the advanced engines, and also show
that a significantly different turbocharger system design would re-
sult for each engine. For the turbocharger matching studies, each
engine was aerothermodynamically defined in terms of airflow, tem-
perature rise, indicated specific fuel consumption (ISFC), friction
horsepower, and fuel/air ratio as functions of operating condi-
tions. These parameters were derived from data obtained from both

7



ADVANCED ADVANCED

ROTARY SPARK ADVANCED

STRATIFIED IGNITION DIESEL
CHARGE 67810-420/8C GTDR-246
RC2-32

Figure 1. Advanced Technology Engines.

NASA and the engine contractors and are shown in Figures 3 through
6, and Table 3. Single- and twin-engine aircraft data for the four
engines was supplied by NASA. Sensitivities of aircraft perfor-
mance, takeoff gross weight (TOGW), and direct operating cost (DOC)
to engine parameter changes were supplied by Cessna, and appear in
Appendix I. The overall aircraft parameters used for the study are
identified in Table 4, while the baseline engine parameters(l,2,5)
are 1listed in Table 5. The sensitivity factors of each are
included in Appendices I and II.

3.2 Technology Survey

For the technology survey, the turbocharger system technolo-
gies were divided into three classifications: component technolo-
gies, cycle technologies, and design opportunities. A large number
of concepts were screened prior to this classification. Each sur-
vey candidate (Table 6) was then subjected to a technical risk and
manufacturing cost evaluation. This provided estimates of the
potential availability and cost of incorporation of each candidate
in any proposed turbocharger system. Relative technical risk of
each technology was defined as a function of four factors:

o Concept originality -- If the concept were new, or if it
were related to an existing concept.

o Functional design -- If the design fulfilled the need of
the system concept.



TABLE 1.

ENGINE MASTER DATA CHART.

ENGINE TYPE SPARK IGNITION DIESEL ROTARY
CURRENT/BASELINE MODERATE RISK HIGH RISK HIGH-RISK ADVANCED HIGHLY ADVANCED
T810-550 GTS5110-420 GTS10-420/5C - - 1992 TECH - RC2-47 RC2-32 |
Engine Wt. (lb)l 585 + 121 = 706 485 +121 = 606 405 + 121 = 526 367 + 121 = 488 348 + 139 = 487 255+ 138 = 393
Basic ¢+
Additional
Scaling
(Basic WT) w, = np-?18 W, =~ gp-818 wy = np-818 Specific Wt = scaled Wy = 92+0.8 Wy = 854+ 53
as shown in Bnc. 2 (TORP) {TOHP)
Dimensions (in.)
L S50.62 59.25 59 25 41.30 52.0 48.6
W 34.06 33,3715 33.375 24.00 18.0 16.0
8 20.02 19.25% 19.25 25.00 17.0 16.0
Scaling (inches)
L None None None None 44 B8+0.0225 42.3+0.019
{TOHP) {TOHP)
w None None None None None None
2] None None None None None None
CG Locations 2
Aft 23.6 32.6 33.6 15.7 22.8 22.7
Below 0.9 0.56 0.52 oN ON [o1]
Right 0.65 0.80 0.90 oN ON ON
ECON.
Powes (HP) 4 ALT MCP CRUISE ALT MCP CRUISE ALT MCP CRUISE ALT MCP/CRUISE CRUISE ALT MCP CRUISE ALT MCP CRUISE
at ISA 0 350 247 0 350 229 0 350 228 0 to 0 to 0 to
condition SK 359 256 5K 367 242 SK 364 243 17x 360 297 21K 320 250 21K 320 250
10K 358 262 10k 374 251 10K 368 252
15K 348 263 15K 366 256 15Kk 160 257
20K 327 25% 20K 351 256 20K 343 255 208 320 264
25K 298 250 25k 32 250 25K 316 250 25K 250 206 25K 275 250 25K 275 250
J0K 265 240 3ok 290 240 30k 280 240 30k 168 153 30K 227 208 30K 227 208
35k 231 228 35K 252 228 ISK 245 228 ISk 120 99 35K 290 176 35K 290 176
RPM 2800 2300 RPM 2400 2150 RPM 2400 2150 RPM 2300 2300 RPM 2400 2000 RPM 2400 2000
src 0 to 0 to 0 to 0 o 0 to - - 0 to - -
(LB/HP-HR) 35K 0.600 0.446 35K 0.486 0.358 35K 0.334 0.331 178 !°"” 0.290 444 25K
20K 0,317 0.293
25K 0.322 0.299
30k 0.330 0.305 30K 0.380 0.367 30K 0.370 0.354
ISk 0.33¢ 0.311 3SK 0.382 0 369 35K 0.378 0.351
Scaling
Power Linear Linear Linear Linear Linear Linear
8src Nons None None None None None
Cooling
Requirements
(8 SHP) 1008 77.6% 79 3% 70.3% 58 5% 61.1%

1 Basic wt (1b) scaled with power output.

All wes = b,

2 Center of gravity (CG) locations referenced to prop flange and crankshaft (

Gate lateral and vertical positions referenced to prop shaft

3 Current and moderate cisk spark ignition engines.
ambient temperature,

Gate data based on density altitudse.

Additional ¥t not constant {unscaled)

). except for gate.

Experience 4 power loss of 1% per 6°F rise in
Other IC engines not sensitive to temp. variation.




TABLE 2,

ATDS CHARACTERIZATION OF ENGINE AIRFLOW.

CURRENT | ADVANCED | ADVANCED | ADVANCED
TIO-540 |GTSIO-420/SC| RC2-32 |GTDR-246
PARAMETER SI RECIP| SI RECIP |SI ROTARY| DIESEL
Compressor
Airflow, lb/min 36.7 36.2 47 52.0
Pressure ratio 3.6 3.3 5.5 7.3
Efficiency, % 0.75 0.57 0.70 0.82
Intercooler
Effectiveness 0.5 0.4 0.5 0.5
Turbine
Gas flow, lb/min 28.0 27.6 38.5 53.7
Inlet temperature,
°F 1360 1518 1029 1117
Inlet pressure, psia| 15.0 18.3 29.2 30.3
Pressure ratio 2.7 3.35 5.4 5.6
Efficiency, % 0.70 0.62 0.74 0.72
gr—
8t 140
] GTOR
Tr 120 - CURRENT
- PHODUCTION\J
= LIMIT
61 S 100
[—] (v
= 2 RC2-32
= 5l £ 80
b —4 -
> = o
24r = 6 6TS10-420/SC
®
o =
3 & 40~ o
= T10-540
oL GTSI10-420/SC 20
' 1 1 1 1 i 4 o T T Y \
0 2 40 60 80 100 120 1000 1200 1400 1600 1800
CORRECTED FLOW, LB/MIN
MAX TURBINE INLET TEMPERATURE, °F
COMPRESSOR
TURBINE
Figure 2. Engine Contractors Turbosystem Requirements.
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TABLE 3. ENGINE AIRFLOW CHARACTERIZATION,

ENGINE CHARACTERIZATION

o

0.234 2IE

B + 0.648

-
<]

540 (ERPM) PIE

T10-540 Wg = 7606 TIE

tg
Tfiﬂ
oy 1
witm

GTSIO-420/SC W._ = (0.4 BIE 4 o.7) 420 (ERPM) PIE

E P1 2606 TIE
RC2-32 W, = [0.3455 + 8.257 x 1078 (EreM)) RIE
VTIE
_ PIT , _ERPM
X (1- 355 * 308.5
GTDR-246  W_ = 15.63(CA) PIE N
TIE
(CA) = 1.833 - 1.267 x 10~ % (ErPM)
N = 3.8875 \/(pIE)‘1'434__(pxz)'1-717
IT PIT

ERPM = Engine speed, rpm

PIE = Engine 1nlet pressure, in Hg A
PIT = Turbine 1inlet pressure, 1n Hg A
TIE = Engine 1inlet temperature, °R

CA = Effective area, sg. inch

WE = Engine Airflow, lb/min

1800 -
°" 1600 -
wi o §T510-420/5C
= 1400 - 022232
s o 6T0R-246
& O—CRUISE—D
= 1200 1 OTI0-540 D—TAKEOFF—0O
£ o0 - AND DESCENT
=
= 800
=
g 600-
il

400 T T V 1

0.02 0.3 004 0.05 0.06

FUEL/AIR RATIO

Figure 3. Engine Temperature Rise Characterization.
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o Operating requirements -- If the 1levels of component
loading, efficiency, etc., were technologically realis-
tic for the anticipated time period in operational intro-

duction.

o Mechanical design -- If the mechanical design met func-

tional and operating requirements.

Figure 7 shows the probability of failure (risk) assigned to the

five phases of product development identified by the study.

Relative manufacturing costs were defined as a function of

three factors:

o Level of operating parameters (i.e., pressure, tempera-

ture, life, reliability, and maintainability)

o Material cost -- Exotic to conventional, and strategic

versus nonstrategic.

o Fabrication difficulties -- Material machinability,
castability, weldability, and adaptability to automated
assembly.

0.7 0.451 -
© 6T810-420/8C
g> 08 o RC2-32
2Z 05 & BTDR-248
= 04 07i0-540
04
e
0.351
[ X
S 034
025 : /

0.02 025 003 0.035 0.04 0.045 0.05 ([OTHERS]

FUEL/AIR RATIO —T—T———T—  7j0.540
v 006 557008 0 0g010p ) ONLY

Figure 4. Characterization of Engine Indicated SFC.
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0

2000 2400 2800 3200 3600 (OTHERS)

6000 7200 8400 9600 10800 (RC2-32)
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Figure 5. Characterization of Engine Friction Horsepower.

0.1

0.10
0.09
0.08 0.06

0.07

T10-540

[~
<
a2 o GTS10-420/SC
2= (0l ORC2-32
' » GTDR-246
o T10-540

0.02 ,

DESCENT CRUISE TAKEOFF
POWER LEVEL

Figure 6. Characterization of Engine Fuel/Air Ratio.
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TABLE 4. NASA AIRCRAFT PARAMETERS.

FIXED-ENGINE SIZE, VARIABLE AIRFRAME, FIXED PAYLOAD~RANGE*

CURRENT ADVANCED ADVANCED ADVANCED
ENGINE SI RECIP*¥* SI RECIP ROTARY DIESEL

AIRCRAFT TYPE SINGLE TWIN SINGLE TWIN SINGLE TWIN SINGLE TWIN

Takeoff gross
weight, 1lb 4460 | 6850 3888 | 5907 3691 | 5454 3849 |5753

Empty weight,
1ib 2736 | 4428 2340 | 3802 2127 | 3327 2310 |3680

Takeoff Power,

HP 340 340 350 350 320 320 340 340
Cruise Speed:%

kt 206 | 228.5 220 | 240.5 229 252 218 244
Mission fuel,

1b 440 855 287 581 296 592 278.5{ 555
Acquisition

cost, ks 202 | 381.5 186 347 175 | 320.5 188 [338.5
DoC, §/hr 122 230 106 198 103 190 107 195

*TCM/APD TSIO-550

700 NMI
800 NMI

1200 1lb: Rang
1200 1b: Rang

**Single: Payload
Twin: Payload

o o
1]

***Cruise at 25,000 feet, ISA

TABLE 5. ENGINE PARAMETERS AT 25,000-FOOT CRUISE
CONDITION (ISA, 250 BHP)

GT'SI0~
SI RECIP. 420/sC RC2-32 GTDR
TIO-540 ADVANCED ADVANCED ADVANCED
PARAMETER (BASELINE) SI RECIP. SI ROTARY DIESEL
F===================:: —
BSFC, lb/hr-bhp 0.500 0.331 0.355 0.323
Fuel/air ratio, lb/1b 0.077 0.0500 0.04 0.0414
Airflow, 1lb/min 26.6 27.6 37.9 52
Temperature rise, °F 1255 1600 870 880
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1

10- CURRENT
LABORATORY

CURRENT
COMMERCIAL

Figure 7. Standardized Basis for Relative Technical
Risk Assessments.

3.2.1 Component Technology

The following technologies were applicable to potential turbo-
charger component candidates and were subsequently evaluated in the
ATDS Program.

3.2.1.1 Compressor/Turbine Efficiency Improvements - It is obvi-
ous that turbocharger aerodynamic components can benefit from ad-
vancements made in gas-turbine engine technology. This technology
can be easily transferred to large turbochargers, since the same
manufacturing processes are used for both and can be justified by
similar cost-quantity relationships. However, to date, the price-
quantity relationships in the small-turbocharger market have made
it unfeasible to incorporate the latest gas turbine aerodynamic
technology. This trend is expected to continue until the turbo-
charger thermodynamic work becomes a sufficiently large proportion
of the total powerplant work, which will mean that the improved
efficiency attained will offset the high cost of obtaining it.
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Current expectations of industrial compressor and turbine capabili-
ties (allowing for 3 years of component development) are shown in
Figures 8 and 9 and Tables 7 and 8, while the ATDS technology eval-
uation for these components are listed in Tables 9 and 10, respec-
tively. The turbine efficiencies shown assume good diffusion of
the turbine exit flow to minimize dumping losses.

0.86
Y
’\7@[
i &
0841 Mgty ATDS DIESEL T-C
' ONN ® GoAL
>= \
& 0824
Y N\
[ ]
o 0.80 1
¥ Ty
m -
AL
= A5 &y, ATOS ROTARY T-C ~
= 076 K eoal
=] ~.
= ) \\\\
0.74 AN ' '
20 30 40 50 60 70 80 90
PRESSURE RATIO, TOTAL-TO-TOTAL
Figure 8. Centrifugal Compressor Industry Capability
Available in 1986.
0.957
b
(]
-_—
L
[
™
L ATDS
= 090 W\/876 = 0.7 LB/SEC
< .
= A
o
=
Q@
—
—
(-9
[ —
[ =]
h 0-85 T LN 1 L]
1 2 3 4 5

PRESSURE RATIO. TOTAL-TO-TOTAL
Figure 9. Turbine Industry Capability.
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TABLE 7. COMPRESSOR TECHNOLOGY INDUSTRIAL CAPABILITY.

STATUS

CAPABILITY

—_—

Current commercial practice

Current laboratory state-of-
the-art

Firmly planned on~going
program

)

Exploratory experimental phase

Theoretical

|

THO8A turbocharger,
P/P =2.5 n= 0.74

GT601 Truck Engine,
p/P = 5.0 = 0.78
(machined titanium)

AGT101 Automobile Engine,
p/P = 4.3 -5,0 1= 0.80
(PM aluminum)

"Arbitrary" blades:
Twisted B diffuser,
3-D shape duplicator
machined

Advanced design tools
not developed

TABLE 8. TURBINE TECHNOLOGY INDUSTRIAL CAPABILITY,

STATUS

CAPABILITY

Current commercial practice

Current laboratory state-of-
the-art

Firmly planned on-going
program

Exploratory experimental phase

Theoretical

THO8A turbocharger,
P/P = 2.5 n= 0.73

Include vaned scroll,
exit diffuser 7= 0.80
to 0.83

AGT101 automobile engine
using ceramic rotor
(2500°F) M= 0.85

P/P = 4.0

Variable-geometry
nozzle

3-D nozzle, clearance
control

18




TABLE 9,

ATDS COMPRESSOR EFFICIENCY TECHNOLOGY EVALUATION.

CURRENT TECHNOLOGY: 70-PERCENT AT 2.6 PR AT 50 PPM

-1

(*— RELATIVE

RELATIVE
TECHNICAL MANUFACTURING
ADVANCED TECHNOLOGY STATUS RISK COSsT

Current commercial practice/ Low Low
Experience (AID production)
Current laboratory state-of-the-art Low High
(GTEC GT-601)
Expected results of significant Moderate Low
on-going or firmly planned pro-
grams (AGT-101, powdered metal
Aluminide)
In exploratory experimental phase High Low
no major program commitment
(3-D Blades)
Theoretical (3-D viscous, LDV) Very high Very high

TABLE 10.

ATDS TURBINE EFFICIENCY TECHNOLOGY EVALUATION.

CURRENT TECHNOLOGY: 70-PERCENT AT 2.6 PR,

50 PPM).

—

RELATIVE RELATIVE
TECHNICAL MANUFACTURING
ADVANCED TECHNOLOGY STATUS RISK COsT
Current commercial practice/ Low Low
experience (AID production)
Current laboratory state-of-the-art Low Moderate
(GTEC production)
Expected results of significant Moderate Moderate
on-going or firmly planned pro-
grams (3-D nozzles)
In exploratory experimental phase High Moderate
with no major program commitment
(variable geometry, clearance
control)
heoretical High Unknown
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As shown in Figure 8, state-of-the-art impeller fabrication
imposes a significant penalty in attainable efficiency if the
impeller is a cast design. 1In the case of a single-stage 6:1 com-
pressor, this penalty exceeds 3 points in efficiency. The turbo-
charger marketplace has accepted this performance decrement 1in
order to maintain the lowest possible cost.

Programs are being conducted to develop a HIPped powder-metal
fabrication process for titanium impellers. Results have been en-
couraging, in that the material properties of sample impellers pro-
duced through this process have approached those of forged designs.
Achieving blade profile tolerances equivalent to those typical of
the machining process is a major problem. However, improvement in
this area indicates that with sufficient process development ef-
forts, the required tolerances can be met. When that occurs, the
performance of machined blading can be achieved at significantly
reduced costs. A parallel approach to improved compressor perform-
ance can be achieved through advanced aerodynamic development tech-
niques that would meet turbocharger performance requirements for
aircraft diesel engines. These aerodynamic improvements would be
achieved through both better flow visualization and in measurement
techniques (such as 3-D viscous modeling to improve visualization
and laser velocimetry to improve measurement).

3.2.1.2 Advanced Lightweight Materials - A large number of ad-
vanced material systems are under development for the aerospace
industry that have high strength-to-weight ratios. However, these
materials would benefit turbocharger technologies only if they can
demonstrate significant primary and secondary effects. For exam-
ple, a ceramic turbine rotor would not only reduce rotating group
weight but would also:

o] Allow the use of lightweight housings, since the mass and
size of the largest particle to be contained in the event
of a rotor burst is much less

o) Enhance consideration of foil bearings because of low
rotating group weight.

Present industrial capabilities for advanced rotor materials are
listed in Table 11, while Table 12 lists the status of current
lightweight housing materials. Other advanced material systems
(i.e., titanium aluminides, carbon-carbon, and wire-reinforced
composites) are not as attractive as those listed. The ATDS tech-
nology evaluations for the advanced rotor materials and lightweight
housing materials are listed in Tables 13 and 14, respectively.

3.2.1.3 Variable Geometry - Variable-geometry techniques have
proven to be very effective in turbomachinery applications. How-
ever, this effectiveness is dependent on the physical size of the
flow channel. Leakage through the clearances required to facili-
tate rotation of the airfoil has proportionately greater adverse
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TABLE 11. INDUSTRIAL CAPABILITIES FOR ADVANCED

ROTOR MATERIAL.

STATUS

PART

Current commercial practice

Current laboratory state-of-
the-art

Firmly planned on-going
programs

Exploratory experimental

Theoretical

Cast aluminum compressor:
GMR235 turbine

Machined titanium compressor,
sintered Si N, or SiC

: 374
turbine

PM aluminum compressor
Si3N4 or SiC turbine (AGT)

Sintered reaction bonded
silicon nitride, carbon-car-

bon, Ti, Al, wire-reinforced
composi%e

None considered

TABLE 12. LIGHTWEIGHT HOUSING MATERIALS INDUSTRY

CAPABILITIES.

STATUS

| —

PART

Current commercial practice

Current laboratory state-of-
the-art

irmly planned on-going
rogram

xploratory experimental
hase

heoretical

Cast A356 aluminum Ni resist

Graphite/epoxy, stainless-steel
sheet

Hybrid fiber/epoxy

High modulus injection-
molded systems

High modulus polymers not

requiring fiber reinforce-
ment

21



TABLE 13.

ADVANCED ROTOR MATERIALS TECHNOLOGY EVALUATION.

ADVANCED TECHNOLOGY STATUS

RELATIVE
TECHNICAL

RELATIVE
MANUFACTURING

RISK CosT

lCurrent commercial practice/
experience (AID production),
LGMRZBS And INCO 713 LC.

Current laboratory state-of-the-art
(GTEC production), Mar-M 247, IN 100

Expected results of significant
on-going or firmly planned pro-
grams (AMMRC sintered Si3N4,

AGT-101)

In experimental phase
with no major program commitment
(sintered RBSN)

Theoretical

Low

High

Moderate

Low

Low

High

Moderate

Low

TABLE 14.

LIGHTWEIGHT HOUSING MATERIALS EVALUATION,

experience (AID production)
cast iron, cast aluminum

Stainless Steel)

gr ams

Theoretical

RELATIVE RELATIVE
TECHNICAL | MANUFACTURING
ADVANCED TECHNOLOGY STATUS RISK cosT
=i = =~=
urrent commercial practice/ Low Low
Current laboratory state-of-the- Low Moderate
art (GTEC production Hastelloy S, 321
[Expected results of significant None None
on-going or firmly planned pro- Planned Planned
In exploratory experimental phase High Unknown
with no major program commitment
High Unknown
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effects on component efficiency as the height of the flow passage
decreases. For the study, a suitable efficiency decrement percent
was applied to the variable compressor and the turbine stators.
The present industrial capability for variable compressor and tur-
bine geometry is shown in Table 15, while the ATDS technology eval-
uation of variable geometry for the compressor and turbine are pre-
sented in Tables 16 and 17, respectively.

3.2.1.4 Microprocessor Control - For complex powerplant systems
that combine turbocharging and auxiliary power unit functions, the
control of all system components would best be accomplished using a
microprocessor that integrated all functions, as shown in Figure
10. However, as the powerplant becomes less complex, the need for
integrated microprocessor controls becomes less pronounced. The
control needs for the four selected engines are shown in Table 18,
while the ATDS technology evaluation of microprocessor controls is
presented in Table 19.

TABLE 15. INDUSTRIAL CAPABILITIES FOR VARIABLE-GEOMETRY

TECHNOLOGY.
STATUS CAPABILITY
m:: —
Compressor

Current commercial practices Variable IGVs control flow
and pressure ratios.
Possible applicability to
GTDR engine.

Current laboratory state-of- Variable diffuser (radial or

the-art axial) controls flow with
relatively constant pressure
ratio

Turbine

Current commercial practice ATM80 (radial): TSCP700
(axial)

Current laboratory state-of- TFE731-2 VCD: GT601 truck

the-art

Theoretical Clearance control for zero
losses
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TABLE 16.

VARIABLE-GEOMETRY COMPRESSOR TECHNOLOGY EVALUATION

CURRENT TECHNOLOGY: GTEC PRODUCTION ATM'S AND ENGINE.

RELATIVE RELATIVE
TECHNICAL | MANUFACTURING
ADVANCED TECHNOLOGY STATUS RISK cosT
Current commercial practice/ None None
experience (AID production) Existing Existing
Current laboratory state-of- Low Moderate
the-art (GTEC production)
Expected results of significant Low Moderate
on-going or firmly planned pro-
grams (USAF variable cycle)
In exploratory experimental phase, None None
with no major program commitment planned planned
Theoretical High Unknown
TABLE 17. VARIABLE-GEOMETRY TURBINE TECHNOLOGY EVALUATION

CURRENT TECHNOLOGY: GTEC PRODUCTION-AXIAL FLOW.

RELATIVE RELATIVE
TECHNICAL | MANUFACTURING
ADVANCED TECHNOLOGY STATUS RISK cosT
Current commercial practice/ None None
experience (AID production) existing existing
Current laboratory state-of- Low Moderate
the-art (GTEC production)
Expected results of significant Moderate Moderate
on-going or firmly planned pro-
grams (high-turning blade)
In exploratory experimental phase, High Unknown
with no major program commitment
Theoretical High Unknown
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INPUTS

APU START COMMAND HleneiNe START COMMAND [ — 3
TURBINE INLET TEMP lleygiNE piSCHARGE TEMP ENGINE
70 TURBOSPEED COMPRESSORIENGINE SPEED START
A DISCHARGE PRESSURE _ {COMPR DISCHARGE TEMP SEQUENCER
SEQUENCE AIR BYPASS POSITION ~ CYLS HEAT TEMP AND RUN
POWER COMMAND ENGINE FUEL FLOW CONTROL
f MASTER ENGINE SELECT OTHER ENGINE SPEED h__u )
L
FUNCTIONS FUNCTION
COMPRESSOR GEOMETRY ACTUATOR COMPRESSOR GEOMETRY ACTUATOR
TURBINE GEOMETRY ACTUATOR ;#f%@ﬁ;gg”:g?ﬁ?}gg’“"”“
AIR BYPASS ACTUATOR
FUEL CONTROL ACTUATOR ENGINE STARTER VALVE SWITCH
BURNER IGNITION SWITCH BURNER FUEL CONTROL ACTUATOR
TURBO STARTER SWITCH ENGINE FUEL CONTROL ACTUATOR
ENGINE IGNITION SWITCH
PROPELLER PITCH CONTROL ACTUATOR

Figure 10. Elements of the Maximum Complexity
Microprocessor System.

3.2.1.5 Charge Air Coolers- Cooling the engine charge air will
allow lower inlet pressures and can reduce thermal and mechanical
stresses in the engine design. Two baseline heat-exchanger designs
were selected for comparison: a conventional approach that mini-
mizes the length of the cooling air passage to minimize the cold-
side pressure drop and maximizes cooling airflow, and an alternate
approach that requires a longer charge-air pass to obtain decreased
cooling air inlet face area (Figure 11). Both configurations had
the same effectiveness and pressure-drop characteristics (Figure 12
and 13). For scaling the nominal design up or down to match each of
the four engines, a family of sizing curves was developed (Fig-
ures 14 and 15). Effectiveness versus weight characteristics were
examined for two ratios of cold-flow to hot-flow (Figure 16). As
indicated, the conventional design (with a 2:1 ratio of cold to hot
flow) was the lightest approach for any desired effectiveness or
size (airflow) and was ultimately selected for further evaluation.
The ATDS technology evaluation for charge air coolers is presented
in Table 20.

3.2.2 Cycle Technology

3.2.2.1 Two-Stage Series Turbocharger ~ The most cost-effective
way to achieve high pressure ratio (where demanded by the applica-
tion) appeared to be by coupling two high-production, moderate-
pressure-ratio turbochargers in series. This approach would also
allow a broader operating range of high part-load efficiency than
would be attainable with a single stage. Table 21 is the ATDS
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TABLE 19.

ADTS MICROPROCESSOR CONTROL TECHNOLOGY EVALUATION.

RELATIVE RELATIVE
TECHNICAL | MANUFACTURING
ADVANCED TECHNOLOGY STATUS RISK cosT
. : =
Current commercial practice/ None None
experience (AID production) existing existing
Current laboratory state-of- Low High
the-art (GTEC production)
Expected results of significant Moderate High
on-going or firmly planned pro-
grams (Garrett development)
In exploratory experimental phase, High High
with no major program commitment
Theoretical High High
CHARGE
AR WH = 55 LB/MIN
out Ey = 05
CHARGE Wp/Wy = 1.0
AR
ouT
COOLING
|COOLING AR o
88 IN. IN 10.7 IN. ﬁ
25 IN 13 IN.
125 IN. fﬁ 1.7 IN.
CHARGE AIR
IN CHARGE AIR

MINIMUM WEIGHT CASE =
CORE WT = 7.0 LB

Figure 11.

MINIMUM FACE AREA
CORE WT = 10.7 LB

Heat-Exchanger Core Configurations.
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Figure 15. 1Intercooler Core Weight for Minimal Cooling
Air Face Area Design.
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Figure 16. Heat-Exchanger Sensitivities.

TABLE 20. CHARGE AIR COOLER TECHNOLOGY EVALUATION
CURRENT TECHNOLOGY: AID PRODUCTION
NONFLYING AND GARRETT PRODUCTION FLYING.

Theoretical

RELATIVE RELATIVE
TECHNICAL | MANUFACTURING
ADVANCED TECHNOLOGY STATUS RISK COST
Current commercial practice/ Low Low
experience
Current laboratory state-of- Low Moderate
the-art (AID production)
Expected results of significant None None
on-going or firmly planned pro- planned planned
grams (Garrett production)
In exploratory experimental phase, None None
with no major program commitment planned planned
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TABLE 21. TWO-STAGE TURBOCHARGER TECHNOLOGY EVALUATION
CURRENT TECHNOLOGY: SERIES CONNECTION OF TWO
TURBOS.
RELATIVE RELATIVE
TECHNICAL | MANUFACTURING
ADVANCED TECHNOLOGY STATUS RISK COSsT
Current commercial practice/ Low Moderate
experience
Current laboratory state-of- Low High
the-art
Expected results of significant None None
on-going or firmly planned pro- planned planned
grams
In exploratory experimental phase, None None
with no major program commitment planned planned
Theoretical Very high Moderate

technology evaluation of the two-stage series configuration. The
cost, volume, and weight of the installation were strong negative
factors. 1In retrospect, a concentric two-spool arrangement is now
recommended as a candidate for applications requiring high pressure
ratio (i.e., diesel aircraft engines, and nonflying diesels in
mountainous terrain). This arrangement would minimize the weight
and volume penalty of the two-spool turbocharger.

3.2.2.2 Mechanical Turbocompounding - The addition of a second
turbine with the shaft mechanically connected to the engine was
considered as a means of maximizing the extraction of energy from
the engine exhaust. This approach was demonstrated on two aircraft
engines--the Curtiss-Wright R3350 production engine and an experi-
mental version of the Allison V1710 engine,and also experimentally
demonstrated by Cummins on a truck diesel engine. Table 22 shows
the ATDS technology evaluation for the mechanical compounding ap-
proach.

3.2.2.3 Hyperbar - French manufacturers of large diesel engines
have been using the hyperbar system (Figure 17) for over 10 years.
Until this study, the scalability of the hyberbar concept to small
aircraft engines (where weight and volume are more critical) was
not considered. The ATDS evaluation of the hyberbar technology for
use in four general-aviation engines is shown in Table 23.

31



1

TABLE 22, MECHANICAL COMPOUNDING TECHNOLOGY EVALUATION
CURRENT TECHNOLOGY: PRODUCTION IN R-3350.

with no major program commitment
(Adds variable geometry)

Theoretical

RELATIVE RELATIVE
TECHNICAL | MANUFACTURING
ADVANCED TECHNOLOGY STATUS RISK cosT
Current commercial practice/ None None
experience existing existing
Current laboratory state-of- Low Moderate
the~-art (Cummins demonstrator)*
Expected results of significant None None
on-going or firmly planned pro- planned planned
grams
In exploratory experimental phase, High Moderate

*Demonstrated by Cummins for highway diesel use.

BP -

—=] CAC [—

DIESEL ENGINE

Figure 17. The Hyperbar System.
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TABLE 23. HYPERBAR TECHNOLOGY EVALUATION
CURRENT TECHNOLOGY: LIMITED FRENCH
PRODUCTION.,
RELATIVE RELATIVE
TECHNICAL | MANUFACTURING
ADVANCED TECHNOLOGY STATUS RISK cosT
Current commercial practice/ None None
experience Existing Existing
(in U.S.) (in U.S.)
Current laboratory state-of- Low High
the-art
Expected results of significant None None
on-going or firmly planned pro- Planned Planned
grams
In exploratory experimental phase, - -
with no major program commitment
Theoretical - -
3.2.2.4 1Intake Tuning, Exhaust Tuning, and Exhaust Pulse Utili-

zation - Benefits obtained from intake and exhaust effects depend
on the specific engine and turbocharger combination used. Intake
tuning improves volumetric efficiency of four-stroke-cycle en-
gines, while exhaust tuning improves scavenging of two-stroke-cycle
engines. Effects of exhaust pulse utilization by the turbine must
be estimated for the particular speed, torque, exhaust configura-
tion, and scavenging requirements of each engine. Preliminary
technology evaluations are shown in Tables 24, 25, and 26. More
detailed studies of the exhaust pulse utilization in the advanced
technology spark ignition engines were performed later in the pro-
gram and are discussed in Paragraph 3.3.3.

3.2.2.5 Bottoming Cycles - Vapor—-generating bottoming cycle tech-
niques have been evaluated for large stationary and marine power-
plants and highway truck engines, but not for aircraft applica-
tions. For this study, a system was defined as shown in Figure 18
and Table 27, with the evaluation for two conditions of boiler sat-
uration pressure and condensing temperatures (Figures 19 and 20).
This data was then used to make the technology evaluation shown in
Table 28.
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TAbLE 24. EXHAUST PULSE UTILIZATION TECHNOLOGY EVALUATION.
CURRENT TECHNOLOGY: WELL-DEVELOPED.

RELATIVE RELATIVE
TECHNICAL | MANUFACTURING
ADVANCED TECHNOLOGY STATUS RISK cosT
Current commercial practice/ Low Low
experience
Current laboratory state-of- Low Moderate

the-art

Expected results of significant
on-going or firmly planned pro-
grams

In exploratory experimental phase,

with no major program commitment

Theoretical

TABLE 25, EXHAUST PULSE TUNING TECHNOLOGY EVALUATION.

CURRENT TECHNOLOGY:

EACH ENGINE.

REQUIRES ANALYSIS FOR

ADVANCED TECHNOLOGY STATUS

RELATIVE
TECHNICAL
RISK

RELATIVE
MANUFACTURING

COST
i ———

Current commercial practice/
experience

Current laboratory state-of-
the-art

Expected results of significant
on-going or firmly planned pro-
grams

In exploratory experimental phase,

with no major program commitment

Theoretical

Low

Moderate

Low

Low
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TABLE 26. INTAKE PULSE TUNING TECHNOLOGY EVALUATION.
CURRENT TECHNOLOGY: WELL-DEVELOPED. REQUIRES
ANALYSIS OF EACH ENGINE.

RELATIVE RELATIVE
TECHNICAL | MANUFACTURING
ADVANCED TECHNOLOGY STATUS RISK CcoSsT
Current commercial practice/ Low Low
experience
Current laboratory state-of- Moderate Low
the-art
Expected results of significant - -
on-going or firmly planned pro-
grams
In exploratory experimental phase, - -
with no major program commitment
Theoretical - -
0 1 TURBOCHARGER
TN C COMPRESSOR
:L IC INTERCOOLER
3L TC TURBINE
0 1 WG WASTEGATE
12 BOTTOMING CYCLE
0 VG VAPOR GENERATOR
oene | |1 o TB TURBINE
S -4 NP 6B GEARBOX
el |, i FP FEED PUMP
12 RG REGENERATOR
CO CONDENSER

Figure 18. Bottoming

Cycle Schematic.
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TABLE 27. BOTTOMING CYCLE SYSTEM OPERATING CONDITIONS.
FLOW RATE | PRESSURE TEMPERATURE
STATION (LB/MIN) (PSIA) (°R) (n)
Ambient 5.461 429.6
Compressor 51.98 5.461 429.6
inlet
Compressor 51.98 39.58 826.83 0.823
exit
Intercooler 51.98 38.79 555.8
exit
Engine exhaust 53.70 30.48 1577.4
4.1 T¢ turbine A8. 27 30.33 1577.4
inlet
bypass 5.43 1577.4 0.718
Tc turbine 48. 27 6.076 1191.33
exit
bypass 5.43 1577.4
Vapor generator 53.7 6.064 1230
inlet

—

—

en
1

114
m51
10-

TOTAL SYSTEM

40-
35+

30

BOILER GAS INLET TEMPERATURE (Tg) = 770°F
BOILER SATURATION PRESS., PSIA = 120
VAPOR TURBINE INLET TEMP (T8) = 650°F
CONDENSING TEMP. (Tyg) = 60°F

VAPOR TURBINE EFFICIENCY = 0.70
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BOILER EXHAUST TEMPERATURE (T7). °F

Figure 19.
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Figure 20. Steam Bottoming Cycle Performance.

TABLE 28. BOTTOMING CYCLE TECHNOLOGY EVALUATION.

CURRENT TECHNOLOGY: LABORATORY
DEMONSTRATION ONLY.
RELATIVE RELATIVE
TECHENICAL | MANUFACTURING
ADVANCED TECHNOLOGY STATUS RISK cosT
Current commercial practice/ None None
experience existing existing
Current laboratory state-of- High High
the-art
Expected results of significant Sub- High
on-going or firmly planned pro- stantial
grams
In exploratory experimental phase, - -
with no major program commitment
Theoretical - -




3.2.3 Design Opportunities

3.2.3.1 Improved Bearings - Experience has shown that currently
used journal bearings require a consistent supply of oil that must
be cleaner than that required by the engine. High-DN rolling-
element bearings--although well-developed for gas turbine engines--~
are too expensive for application in a small high-speed turbo-
charger and are also dependent on the integrity of the oil supply.
Since installation considerations favor a turbocharger that is in-
dependent of the engine o0il supply, study emphasis was placed on
bearing systems not requiring engine oil. Gas-lubricated bearings
were an obvious candidate for this application. The results of the
ATDS gas—-lubricated foil bearing technology evaluation are shown in
Table 29, and were based on the considerations listed in Table 30.
-Gas~lubricated foil bearings were believed to offer significant
benefits; however, not all of the penalties were apparent at this
phase of the study. Therefore, a detailed design analysis was spe-
cified as part of Task III, and is discussed in Paragraph 3.4.5 of
this report.

TABLE 29. GAS-LUBRICATED FOIL BEARINGS TECHNOLOGY
EVALUATION. CURRENT TECHNOLOGY:
COLD: GTEC PRODUCTION
HOT: LABORATORY DEMONSTRATION ONLY

RELATIVE RELATIVE
TECHNICAL | MANUFACTURING
ADVANCED TECHNOLOGY STATUS RISK COST
I,
? IR LEEESS e
Current commercial practice/ High Low
experience (for turbo)
Current laboratory state-of- High Low
the-art
Expected results of significant Moderate Low
on-going or firmly planned pro-
grams
In exploratory experimental phase, Moderate Low

with no major program commitment

Theoretical - -

Note: High-temperature and dynamic stability capability
needed.
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TABLE 30. BEARING INDUSTRY CAPABILITY.

Current commercial practice

Current laboratory state-of-
the-art

Coated foil bearings (1200°F)

Foil

Benefit

Penalty

Bronze or aluminum journal
Bearings

High DN antifriction
Bearings (not considered
feasible)

Journal ~ Kaman
silica-chromia-alumina (SCa)
Low cost

Sputtered titanium carbide

Eliminates o0il system:
Improves installation

High start-up friction

3.2.3.2 Turbocharger Auxiliary Power Unit (APU) Application - The
semi-independent turbocharger configuration proposed for the GTDR-
246 engine led to consideration of a system combining the features
of the hyperbar approach and an accessory drive gearbox, as shown
in Figure 21. Performance of this APU system was estimated and

C COMPRESSOR

VO VARIABLE DIFFUSER
BV BLEED VALVE

AGB
] . BP BYPASS VALVE
:JB 8iV STARTING INTAKE VALVE

LP  LUBRICATION PUMP
AGB ACCESSORY GEARBOX
FC FUEL CONTROL

=
{=]
= E
N

]
i - 86 STARTER-GENERATOR
S gl HP  HYDRAULIC PUMP
- J— ) AC AR COND. COMPRESSOR
"““:"{ T TURBINE
b E we VN VARIABLE NOZZLE
v ! Lo
bl B  BURNER
[T SO SHUTOFF VALVE
WG WASTEGATE
MAIN ENGINE

3-8Va 150880

Figure 21. Schematic of the Turbocharger APU Mode.
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benefits assessed. The preliminary estimates of the performance of
a current production turbocharger adapted for use as an APU are
shown in Figure 22. The overall technology evaluation is listed in

Table 31.
= YIT = 1860
2 2 1760
2. 1860
o5 28 1560
= 1450
g - RO 13m0
a AVG BLEED AIR TEMPERATURE = 616°R
5
£ 2 - TIT = 1860°
[—J
& 5 1760
53 N 1660
2 1560
= 10 o 1460  THOBA TURBOCHARGER/APU
= 1360 5000 FEET. COLD DAY
) 5 Pamp = 1223 PSIA
3 Tamg = 15°F
0 —OZA NN N - B0IBD RPM
0 5 10 15 20
BLEED AIRFLOW (Wg). LB/MIN
Figure 22, Performance of the Turbocharger as an APU.
TABLE 31. APU-MODE TURBOCHARGER TECHNOLOGY EVALUATION.

CURRENT TECHNOLOGY: RELATED TO WELL-DEVELOPED
HYPERBAR AND APU TECHNOLOGIES.

RELATIVE RELATIVE
TECHNICAL | MANUFACTURING
ADVANCED TECHNOLOGY STATUS RISK cosT
Current commercial practice/ None None
experience Existing Existing
Current laboratory state-of- - -
the-art
Expected results of significant - -
on-going or firmly planned pro-
grams
In exploratory experimental phase, - -
with no major program commitment
Theoretical High High
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3.2.4 ATDS Technology Survey Results - Figure 23 summarizes the
overall results of the ATDS technology survey. These results were
then applied to the trade-off analysis by using these technologies
to optimize turbocharger systems for each of the four engines.

3.3 Turbocharger Trade-off Studies

3.3.1 Evaluation Criteria

For the ATDS trade-off studies, the contract directed the use
of a benefit/penalty assessment scheme setup as performed by Cessna
in a prior study(6) (Table 32), but adapted to the needs of the ad-
vanced turbocharger design study, as shown in Table 33. Only those
factors which would be significant to the pilot or operator were
considered. Fuel usage was considered an evaluation factor, in ad-
dition to DOC even though it contributes to DOC, since fuel conser-
vation is a separate, important element of national policy. Trip
time was also an evaluation factor, but was determined not to be
significantly affected by variations in turbocharger system design.
The evaluation points assigned to fuel consumption and operating
cost maintain the same relative weighting of cost and fuel as the
evaluation system used in Table 32.

RELATIVE TECHNICAL RISK. PERCENT
b T era AL oJofofo]-[o|=[of-fm|-]=]alo]ofo|[—={m|[o|wm]|-
S AT TAEqnATORY BRI / . 2 s |7 || /
<. GNSOIXG OA Al
PLARNED PhOGRANS ol Ml BN K Wl Bl TN Ml Wl D ul et P Ml Ml Mt Wl LA Bl
d EXPLORATORY
EXPERIMENTAL PHASE o |-[w[sl-|==|=-{=-1/fs[-1/]-1-1=-[-1/0-[/]-
«. COMPLETELY THEQRETICAL wlw|[—|o|w|je|—]Jw][—=]/[e]o|/ |-{-1<]-1/]-]/]—
ELATIVE MANUFACTURING COST CURRENT EXPERIENCE = 1.0
L e aciAL wiw|uwlw|-|uwj—-|w|-|fm|-|-ja]|w|wjuw|—]a]is|w]|-
S R Tar apyonY wofizfaofsofus|nn|mwfwfw|/]=]—-7/[2]u]n]wi/fafl/|w
G oLt ||l --T«]-]T-1/1-|-1/T=-1=-1-1-1]¢ s -
4. EXPLORATORY
EXPERIMENTAL PHASE Ll el Il L Il Ml Ml Ml Mt KA LN Bl B il Bl Ml Mnall A el A
». CONPLETELY THEQRETICAL Jewl-]es|wfow]—{u[~-]/ el ]-[-T-1-1/[-]/]-
{1) INHERENT IN CONSIDERATION OF MATCHING TURBOCHARGER TO ENGINE
(2) MATCHING 18 THE CONSIDERATION OF THE NONOPTIMUM MATCH OF THE TURBOCHARGER
TO THE ENGINE IN RETURN FOR GREATER COMMONALITY OF INVENTORY PARTS
{3) MUST BE CONSIDERED AS A TRADE-OFF VERSUS PERFORMANCE

*UNKNOWN {4) NO PERCEIVED ADVANTAGE TO ORIVE ACCESSORIES WITH TURBOCHARGER

Figure 23. Technical Survey Results.
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TABLE 32. NASA CR-165564 EVALUATION SCHEME.
AIRCRAFT WEIGHTING
CHARACTERISTIC EVALUATION CRITERIA FACTOR
L———— - %
Fuel usage 10 points for 25-percent less fuel 10
than baseline !

DOC 10 points for 25-percent lower 8
Acquisition 10 points for 25-percent lower 6

cost purchase price
Multifuel 0 points AVGAS only 5

capability 1 point jet fuel only

2 points (both)

Flyover +1 quieter than baseline 10

noise 0 same as baseline (+2 dBA)
Installation 0 equivalent to baseline 10

factor 1 somewhat better than baseline

2 much better than baseline
TABLE 33. ATDS BENEFIT RANKING

AIRCRAFT EVALUATION
CHARACTERISTIC CRITERIA POINTS
Total
operating cost Each 1 percent less than baseline +10
Trip time 1 percent less than baseline + 3
Fuel use 1 percent less than baseline + 7
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As stated, Cessna supplied GTEC with aircraft performance sen-
sitivities to changes in engine characteristics. Selected sensi-
tivities are shown in Figures 24 through 28. The complete Cessna
package is included Appendices I, II, and III of this report. The
sensitivity of engine BSFC to turbocharger component efficiencies
was estimated based on the effects of engine pressure difference on
mean effective pressure for 4-stroke-cycle engines, and on engine
flow for the 2-stroke-cycle engine. Resulting sensitivities are
shown in Figure 29.

3.3.2 Turbocharger System Configurations - The overall trade-off
matrix involved all combinations of engines, turbocharger config-
urations, and technologies (Figure 30). Preliminary screening of
applicable technologies eliminated some component and cycle tech-
nologies from further consideration, as indicated in Table 34. The
remaining technologies and design opportunities were considered
elements of alternate turbosystems for each advanced technology
engine. These alternate systems were then compared on the basis of
fuel consumption, purchase, and maintenance cost for each engine.
These benefits were evaluated according to the benefit ranking sys-
tem. Results of each evaluation are summarized in Tables 35
through 38. The system on each engine with the highest score for
that engine was selected for comparison of turbocharger system re-
quirements among engines. Features not inherent to the alternate
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460 800 -
: 2
-~ 440 1 i
- w
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3m 1 1 L J 1 sw L] L] 1 L]
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Figure 24. Cessna Airplane Sensitivities to BSFC.
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Figure 25. Cessna Airplane Sensitivities to BSFC.
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TABLE 34. INDIVIDUAL COMPONENT TECHNOLOGY TRADE-OFFS FOR ATDS.

SCREENED
FOR SCHRUENED
INDIVIDUAL AS A
ENGINES TECHNOLUGY REASON

COMPONENT TECHNOLOGY

Compressor efficiency - X (2)
Turbine efficiency - X (2)
Advanced rotor materials -- X (2)
Variable compressor geometry -- X

Variable turbine geometry X
Microprocessor control X -
Intercooler/aftercooler X

CYCLE TECHNOLOGY

Two-stage turbocharging X -

Pressure turbocompoundiny - X (1)

Mechanical turbocompounding X X Evaluated for elimination,
but not for inclusion.

Hyperbar system - X

Turbocharger mdtching - X (1)

Exhaust pulse utilization X -

Exhaust pulse tuning X -- Beneficial 1f no pulse
utilization.

Intake pulse tuning - X (2)

Bottoming cycles - X Excessive weight penalty.

DESIGN OPPORTUNITIES

Compact designs -
Improved bearings -
Turbocharger—-driven
accessorles -
Turbocharger 1n APU mode -
Lightweight housing materials -

(2)
(2)

KX XX

(l)Con51derat10n 1s 1mplicat 1n the turbocharger match.
(Z)Benef1c1a1 to all engine systems; only consideration 1is cost of improvement.

TABLE 35. OPTIMIZED TIO-540 SI RECIP ENGINE, CURRENT TECHNOLOGY.

TURBOCHARGER BASELINE TRADEOQOFF EVALUATION
REQUIREMENTS SYSTEM SYSTEM POINTS
Wastegate Variable-geometry
turbine

Compressor P/P 3.5 3.2
Turbine P/P 3.0 2.5
Benefit relative
to baseline ~-1% BSFC +7
Penalty relative +1% cost -10
to baseline

2 Evaluation B -3
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TABLE 36. OPTIMIZED GTSIO-420/SC HIGHLY ADVANCED SCSI RECIP.
TURBOCHARGER BASELINE TRADEOFF EVAL TRADE-OFF EVAL
REQUIREMENTS SYSTEM SYSTEM POINTS| SYSTEM POINT

Noncompounded Noncompounded,
Turbocompound, variable~-geometry wastegated
wastegate turbine turbine
Components Power turbine Variable turbine
and wastegate nozzle Wastegate
Compressor P/P 3.0 2.4 2.7
Turbine P/P 2.0 1.7 2.3
Power turbine P/P 2.5 - -
Benefit relative No separate power No separate
to baseline turbaine and pover turbine
transmission and transmission
(wei1ght and size) +26 +26
Penalty relative Variable-geometry
to baseline turbine housinyg -12
7.4%~-cruise BSFC -52 8.4%-cruise BSFC -59
Z Evaluation -38 -33

TABLE 37. OPTIMIZED GTDR-246 HIGHLY ADVANCED DIESEL.
TURBOCHARGER EVALUA-
REQUIREMENT BASELINE TRADEOFF TION TRADEOFF EVALUATION
COMPONENTS SYSTEM SYSTEM POINTS SYSTEM POINTS
Single-spool Two-~spool Single-spool
turbo, Turbo, aftercooled turbo,
aftercooled; Not aftercooled
variable
geometry
One turbo Two turbos in One turbo
with turbo- series n
driven
accessories
Compressor P/H 7.2 2.8 ea
Turbine P/P 5.6 2.5 ea
Benefit Aerodynamic common- -3.0% BSFC, +21
relative to ality commercial +27 no aftercooler +5
baseline market
Penalty Weight, size, and
relative to extra ducts (cost)
baseline Extra aftercooler
Or high-temp., Two-
Stage Compressor -43
% Evaluation T C16 T YY:
Note: All systems may require intercooler to limit engine intake temperature.
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turbosystems were evaluated for their contribution to system per-

formance.
these features.

Table 39 shows evaluation point assignments for each of
Results of these comparisons are shown in Table

40, in which similarities to different engine requirements are out-

lined.

TABLE 38. OPTIMIZED RC2-32 HIGHLY ADVANCED SCSI ROTARY.
TURBOCHARGER BASELINE TRADEOFF EVAL TRADE-OFF EVAL
REQUIREMENTS SYSTEM SYSTEM POINTS{ SYSTEM POINTS

— _—d
Free-floating Two-spool Free-floating
aftercooled aftercooled nonaftercooled
Components One turbo Two turbos One turbo
1n serles no aftercooler
Compressor P/P 2.5 ea 5.7
Turbine P/P . 2.5 ea 5.1
Benefit relative Commonality with -3.8% BSFC and +27

to baseline commercial market +14 no aftercooler +5

Penalty relative Weight, size and

to baseline ! extra ducts (cost)

extra aftercooler or
high-temp., two
stage compressor -16
2 Evaluation -2 +32
NOTE: All systems may require wastegate or variable-geometry turbine to lim:it
firing pressure. Intercooler may be required to limit engine intake temperature.
TABLE 39. TECHNOLOGY TRADE-OFF EVALUATION POINTS.
CURRENT ADVANCED
SI RECIP SI RECIP SI ROTARY 018552126

TURBOCHARGER TIi0-540 GTSI0-420/5C RC2-32 GTDR-

REQUIREMENT BSFC COST BSFC COSsT BSPC COST |BSFC COST
Intercooler/aftercooler Required Requlred Not Used Not Used
Wastegate Required Required Not Used Not Used
Variable-geometry turbine -- -- - - - - - -24
Fixed-vane turbine 1inlet 3 -3 5 -4 Required Not Used
Vaned compressor diffuser 2 -3 ) -3 Requiced Required
Turbine exhaust diffuser 2 -1 3 -1 Required Required
Turbine pulse utilization* 0 5 0 13 9 0
Intake tuning - -1 0 -1 2 -2 -
Intercooler 1mprovement 18 -6 0 0 Not Used Not Used
Microprocessor control -7 0 -8 0 -8 Required
Lightweight rotor/housing -4 0 -5 ] -5 0 -5
Lightweilght compressor housing -2 0 -2 0 -2 0 -2

*Questionable with wastegate
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The alternate system evaluated for the TIO-540 spark ignition
engine was the same as the baseline engine (i.e., a current produc-
tion turbocharger system, except for the substitution of a
variable-geometry turbine nozzle for the wastegate). A charge air
cooler is desirable to maintain power during climb to altitude, but
is not essential in obtaining cruise power at altitude. For cur-
rent systems, the turbocharger is generally matched so that the
wastegate is nearly closed at both high-altitude and economy-cruise
power. Using a variable-geometry turbine correctly matched at this
point should produce 1little improvement in cruise fuel economy.
The cost of incorporating a variable-geometry design will depend on
the degree of its incorporation in other high-production applica-
tions. 1In turn, this acceptance depends on achievement of a low-
cost, effective means of clearance control around the movable
vanes.

Two alternate systems were evaluated for the GTSIO-420/SC
engine. The baseline system selected by the engine designers
included a wastegate and mechanical turbocompounding. To quantify
the benefits of these components, one of the systems incorporated a
conventional, wastegated, noncompounded system and the other was
defined with a noncompounded, variable-geometry turbine nozzle.
Benefits and penalties of the variable-geometry turbine parallel
those established for the TIO-540 engine configuration. The com-
pound turbine significantly improved cruise BSFC; moreover, the
advantages in fuel economy and operating cost were not outweighed
by weight and system cost increases.

The RC2-32 engine was designed without an exhaust bypass or
variable-geometry turbine, but included an aftercooler. The alter-
nate systems evaluated for the RC2-32 engine were a series turbo-
charger system (meeting the high-pressure requirements associated
with commonly available turbochargers) and a nonaftercooled,
single-stage turbocharger system. The lower cost realized with the
series system were outweighed by the added complexity of the in-
stallation, including either an interstage cooler or a special
high-temperature compressor wheel for the high-pressure stage.
Though eliminating the aftercooler decreases both weight and cost
and increases thermal efficiency, it could prove desirable in re-
ducing thermal and mechanical stresses.

The system evaluation for the GTDR-246 engine followed that of
the the RC2-32 engine, due to the similar pressure ratios and
fuel/air ratios of each. 1Inclusion of variable~geometry turbine
nozzle or a wastegate is necessary to limit the back-pressure that
would impair scavenging efficiency.

The RC2-32 engine was selected as the reference engine for
which the conceptual turbocharger design of Task III was to be per-
formed, limiting the effort required to a single turbocharger
design, since the requisite turbocharger parameters were most
representative of those for all of the advanced engines.
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Estimated manufacturing costs were based on the relatively
small manufacturing quantities of a turbocharger specially designed
for an aircraft. This initially led to the selection of conven-
tional turbine and housing materials and the use of oil-lubricated
journal bearings. However, subsequent direction by NASA reduced
the relative importance of cost in the selection of technologies
for the conceptual design. This allowed the incorporation of air-
lubricated bearings, lightweight turbine materials and housings in
the design. The resulting recommended features incorporated in the
conceptual design are shown in Table 4l.

Variable turbine nozzle vanes were eliminated before concep-
tual design features were established because of relatively high
manufacturing costs. This technology was considered again during a
later program review. Tables 35 through 38 showed that variable
geometry offers a significant performance improvement when compared
to wastegate control and is an important part of the baseline sys-
tem for the diesel engine. Reduction of the relative importance of
cost makes the performance improvements the dominant consideration.
While variable nozzle vanes have been demonstrated in laboratory
turbochargers, durability and leakage through clearances around the
vanes have hindered incorporation in high-performance production
turbochargers. These problems are expected to yield to determined
development efforts. However, determining the optimum nozzle con-
trol scheme for the best engine performance and fuel economy will
constitute a significant advancement of technology.

TABLE 41. RECOMMENDED FEATURES FOR RC2-32 TURBOCHARGER
CONCEPTUAL DESIGN.

o Single-spool

o Vaned compressor diftfuser
o Fixed vane turbine nozzle
o Turbine exhaust diffuser
o No intercooler

o No wastegate

o} Air bearings

o Ceramic turbine rotor
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3.3.3 Exhaust Pulse Utilization

3.3.3.1 RC2-32 Engine

NASA requested further study of exhaust pulse utilization for
the RC2-32 engine. To accomplish this, a University of Manchester
Institute of Technology (UMIST) Mark 12 Engine Simulation Computer
Program was used. This computer program simulates pressure waves
in manifolds, without requiring details of the combustion process.
The RC2-32 rotary engine was modeled as a 6-cylinder reciprocating
engine with short ducts between gas exchange ports and the mani-
folds. This model was the best available simulation of exhaust
ports that serve three combustion chambers. Crankshaft angles were
reconciled to the UMIST Program by considering an imaginary output
shaft turning at two-thirds actual crankshaft speed. Port areas
were estimated from scaled plots of rotor position in the trochoid,
including the effects of assumed pocket geometries in the rotor
faces (Figures 31 and 32). The four engine configurations were:

o} Two turbochargers mounted close to the engine, each re-
ceiving exhaust gasses from one rotor

o One turbocharger mounted close beside the engine, receiv-
ing exhaust gasses from both rotors
INJECTOR

EXHAUST
CRANK ANGLE 470 CRANK ANGLE 510

INLET

)

§

CRANK ANGLE 575 CRANK ANGLE 590

Figure 31. Port Opening/Closing Geometries.
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(o) Two turbochargers mounted to the rear of the engine, each
receiving the exhaust gasses from one rotor
o} One turbocharger mounted to the rear of the engine and

receiving the exhaust gasses from both rotors.

The effects of using one turbocharger per rotor or of placing
the turbines close to the exhaust ports minimized exhaust manifold
volume and increased pulse amplitudes in the exhaust stream. Most
of the exhaust flow occurred at turbine pressure ratios greater
than the time average (Figure 33). This caused an increase in the
power that could be extracted by a theoretical adiabatic expansion
of flow from exhaust manifold conditions. However, the wide varia-
tion in turbine inlet pressure during one exhaust pulse caused a
poor match between the gas velocity entering the turbine wheel and
the wheel speed, that reduced instantaneous turbine efficiency at
extremes of inlet pressure (Figure 34). Therefore, power extracted
by a real turbine with larger pulse amplitudes may be increased by
a smaller proportion (relative to the performance of a constant-
pressure system) than the power extracted by an ideal turbine.
Energy recovery integrated over the engine cycle is compared for
the four possible turbocharger mounting arrangements in Figure 35.

To properly evaluate the benefits of increased utilization of
pulse energy in exhaust, various offsetting effects were consid-
ered. Each difference in energy extraction by the turbine was used
to estimate a difference in average back pressure on the engine in
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Figure 33. Turbocharger Location Tradeoff for RC2-32 Engine
(25,000 Ft, 250 HP).
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cases where the turbine was resized to extract just enough energy
to drive the compressor. This estimate was accomplished parametri-
cally to avoid excessive use of computer time in iterating condi-
tions and turbine parameters to obtain an exact match. The torque
exerted on the rotor was also integrated to compare differences due
to pressure fluctuations during the gas exchange process. Finally,
the effects of differences in power required to overcome drag of an
appropriate nacelle were estimated for each configuration. These
effects are shown in Figure 36, where the effect for each engine is
measured as the amount of improvement from an arbitrary baseline
for that effect.

Cylinder pressure simulations for different configurations of
exhaust system and turbocharger showed noticeable engine perform-
ance differences during the gas—-exchange period. The pressure plot
for the single, rear-mounted turbocharger system showed a pressure
wave in the engine inlet port and combustion chamber that was timed
to produce significant torque on the rotor. This intake tuning ef-
fect overcame the exhaust system performance advantage of indivi-
dual, side-mounted turbochargers. Since pulse timing is a critical
factor, further studies should be conducted to provide insight into
the best use of this effect on the engine.
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3.3.3.2 GTSI0-420/SC Engine

Results similar in form to those for the RC2-32 were obtained
in a less detailed evaluation conducted on the GTSI0-420/SC exhaust
system, where the performance of a partially divided exhaust con-
figuration(2) was compared to a fully divided exhaust system. The
divided system included separate turbines, or a single divided tur-
bine, with a smaller total manifold volume. To obtain substan-
tially better exhaust energy recovery, a 10-fold volume reduction
was necessary. Results of the comparison are shown in Figures 37,
38, and 39. 1It is recognized that such a drastic volume reduction
would be extremely difficult to obtain without a substantial rede-
sign of the GTSI0-420/SC exhaust system and turbocharger installa-
tion.

3.3.3.3 GTDR-246 Engine

The 2-stroke diesel engine was not susceptible to improvements
made by exhaust pulse energy recovery. Techniques that increase
pulse recovery also momentarily increase exhaust manifold pressure.
This increase in exhaust pressure reduces engine scavenging flow,
subsequently reducing combustion efficiency.
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3.3.4 Engine Vibration

Because of their lower load capacity, air bearings are more
sensitive than oil-film bearings to engine and turbocharger rotor
vibration. The vibration estimates for the three advanced technol-
ogy engine candidates are presented in Table 42. The RC2-32 engine
vibration study was conducted by Curtiss-Wright. The GTDR-246 en-
gine vibration estimates were made from an analysis of reaction
torque. This was based on a NASA bearing load profile(2) which was
then adjusted for engine speed and power rating. The vibration es-
timates for the GTSI0-420/SC were made through comparisons with
vibration characteristics of existing TSIO engines.

3.4 Turbocharger Conceptual Design

Task III included layout design and performance estimates for
the turbocharger. An estimate of production cost and market pene-
tration for the designed unit had been originally planned as part
of this task; however, the program was redirected to de-emphasize
economic considerations. Instead, efforts were extended in the
area of exhaust pulse utilization analyses and in foil bearing
design.
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TABLE 42. ATDS ENGINE VIBRATION ESTIMATES.

MA XIMUM FREQUENCY OF
VIBRATION MA XTIMUM
ENGINE LEVEL (q) VIBRATION (Hz)
:r—u——-—-—-——————— -
RC2-32 5 (1 314
GTDR- 246 3.69 (% 233
GTSIO-420/SC 793 160

(1) Vibration at periphery of engine

(2) Vibration at turbine bearing as
(Figure 3~6, NASA CR-3261)

(3) Vibration of turbocharger centerline as
(Figure 23, NASA CR-165162). J

The turbocharger requirements of the three advanced technology
engines were sufficiently different that one design could not sat-
isfy the requirements of all three. Many requirements of the
RC2-32 engine were also characteristic of the other engines; i.e.,
the RC2-32 engine turbocharger was more representative than one de-
signed for either of the reciprocating engines.

The airflow requirements were reviewed for the compressor and
turbine and are shown in Table 43. It was determined that 26 per-
cent of the compressor flow does not have to be delivered at peak
pressure ratio.

The conceptual design effort consisted of establishing the
flow path for the compressor and turbine based on the flows and
temperatures already established. Pressure ratios were determined
from estimated aerodynamic efficiencies and engine airflow charac-
teristics (Table 44). Thus, the size and speed of the rotating
group allowed the geometry of the gas-lubricated foil bearings --
including their spacing -- to be established. Off-design perform-
ance was estimated, and layout and envelope drawings were prepared.
The following paragraphs discuss the details of this effort.

3.4.1 Compressor

A preliminary design optimization study for the compressor
design point indicated that maximum efficiency would be obtained at
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TABLE 43. RC2-32 TURBOCHARGER FLOW REQUIREMENTS
(25,000 Ft., 250 BHP).

FLOW (LB/MIN)
Requirement Compressor TURBINE

Engine combustion 36.5 36.5
Engine scavenge 3.7 3.7
Cabin pressurization 9.0* -
Bearing cooling 4,9* -
Fuel - 1.5

| Total 54.1 41.7

: (0.90 1lb/sec) (0.70 1lb/sec)

*Bleed may be obtained from an intermediate pressure level

.
)
!
¢
e

TABLE 44, COMPONENT DESIGN POINTS FOR 25, 000-FOOT
CONDITION (200 TO 225 KTS, 250-ENGINE BHP).

PARAMETER COMPRESSOR TURB INE
. :===ﬁg======““"“"““‘T‘“——“
Pressure ratio 6.15 5.04
Corrected flow, lb/sec 2.2 0.81
(0.90, (0.70,
physical) physical)
Efficiency, % 76.5 82.0
Inlet temperature, °R 440 1620
Inlet pressure, psia 5.46 27.5
Corrected speed, rpm 85,576 45, 300
(80,000,
physical)




approximately 60,000 rpm. However, preliminary matching with the
turbine on the basis of maximum combined efficiency showed the de-
sirability of 80,000-rpm speed. This 80,000-rpm design speed
slightly compromised compressor performance. However, it resulted
in optimum turbocharger system performance, since the turbine opti-
mized at much higher rotating speeds. In addition, this higher
speed resulted in a more compact unit.

The centrifugal impeller for the ATDS turbocharger is a 50-
degree, backward-curved design incorporating 15 main blades and 15
splitter blades. The radial diffuser incorporates 22 vanes and
exits through a 90-degree bend into a collecting scroll which, in
turn, feeds the intake manifold (Figure 40).

This design was scaled from an existing, demonstrated gas tur-
bine engine compressor. While the ATDS compressor required a dif-
ferent mechanical configuration, the aerodynamic features of the
design were consistent with proven design criteria. The expected
compressor performance map 1is shown in Figure 41, with relative
design parameters listed in Table 45. This design was selected be-
cause it has demonstrated performance in the flow regime below
5-1b/sec, and because the configuration could be manufactured us-
ing known processes.
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Figure 40. Compressor Flow Path is Compact.
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TABLE 45. COMPRESSOR AERODYNAMIC DESIGN.
PART DESCRIPTION
f — === ——
Blade, gty. 15 (full) +
15 splitter blades
Vane, qgty. 22
B Width, inch 0.218
Corrected flow, l1lb/sec 2.2
Corrected speed, rpm 85,576
Pressure ratio 6.15 (total-static)
Impeller tip diameter, inch 5.40
Impeller inlet diameter, inch 3.55
Diffuser exit diameter, inch 9.64
Diffuser inlet diameter, inch 5.90
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Mechanical design of impellers in the 1700- to 1800-ft/sec
tip~-speed range is a well-developed technology. Therefore, the
impeller mechanical design analysis was omitted in order to more
thoroughly examine areas of greater uncertainty, such as ceramic
turbine rotor design and use of foil bearings to support the rotat-
ing group.

3.4.2 Turbine Aerodynamic Design

The ATDS turbine design included the definition of the gas
path from inlet of the 90-degree elbow (upstream of the scroll) to
the diffuser exit plane. The design objective was to maximize tur-
bocharger performance while maintaining the required geometric en-
velope. For the ATDS Program, the turbine stator/rotor were first
sized and then assessed for the feasibility of acceptable scroll
configurations and exhaust diffusers,

A parametric study was conducted to define the geometric and
velocity diagrams for candidate stator/rotor configurations. To
accomplish this, specific speed and stage work coefficients were
varied over a wide range. Candidate turbines with diameters
greater than the maximum envelope were disregarded. To optimize
overall performance, the products of turbine total-to-total effi-
ciency and the corresponding compressor efficiency were calculated
for the remaining configurations. The turbine providing the maxi-
mum product of compressor and turbine efficiencies was then opti-
mized and is shown in Figure 42,

The turbine scroll was defined using the results of the para-
metric study. Because of the maximum performance requirement, a
carefully configured geometry was chosen. A large inlet-to-exit
area ratio and overall symmetry about the stator were established
to ensure low losses due to secondary flows.

The exhaust pipe from the engine was located at a 90~degree
angle to the scroll inlet. To ensure desirable scroll inlet flow
conditions, a low-loss "arthritic" elbow(3) was incorporated.

Since no diffuser length limit was set, the exhaust diffuser
was designed with a high (0.76) pressure recovery coefficient, as
shown in Figure 43. This maximized turbine total-to-static per-
formance.

The parametric study resulted in a candidate blade shape simi-
lar to the GTEC AGT101l ceramic turbine rotor blade. The turbine
velocity diagram and performance curves are presented in Figures 44
and 45. A comparison of this design with current industrial capa-
bility (Figure 9) showed that further technology efforts are re-
quired to meet this goal.
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Further turbine performance optimization is needed during the
detailed design process since the wheel is not stress-limited, and
additional performance can be gained by increasing tip speed.
Since the physical speed is fixed, tip speed can only be increased
by increasing the rotor-tip radius. To maintain the given enve-
lope, a trade-off of scroll and stator/rotor performance is neces-

sary.
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Figure 45. Required Turbine Performance is Close to
State-of-the-Art.
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Increasing performance by increasing tip speed is a routine
turbine design effort. However, assessing scroll performance
decrements will require rigorous analyses and development testing.
The proposed approach is to design a mixed-flow stator; that is,
one having an axial component of velocity in addition to the normal
radial and tangential components. This will allow the scroll to be
offset in the axial direction such that the maximum radius con-
straint will not be violated. The scroll configurations will be
optimized using GTEC's 3-D finite-element program, while the stator
will be defined using the GTEC 3-D viscous finite-difference proce-
dure. Stator end-wall contouring will be required to minimize the
secondary flow losses resulting from the nonsymmetric scroll con-
figuration. Using axial-radial turning in the stator instead of in
the scroll will result in the advantage of a higher rate of flow
acceleration within the stator.

3.4.3 Turbine Rotor Mechanical Design

Stress calculations were performed on the ceramic turbine
wheel, including stress-rupture, vibration, and maximum stress
levels. Results showed that a radial wheel aerodynamic design is
mechanically feasible as a ceramic component. No stress-rupture
life limitations were encountered. For the stress-~rupture anal-
yses, maximum allowable stress for the Si3N4 ceramic part was set
at <20 ksi.

The GTEC 3-D vibration program, ISOVIB, was used to calculate
the resonant frequencies, the normal displacements, and the rela-
tive stress levels of each vibratory mode. The normal mode shapes
for the first ten modes are shown in Figure 46. The frequencies
associated with the first eight modes are shown on the Campbell
diagram, Figure 47. The criterion used to enhance the probability
of success for wheels of this type is to keep the lower order fre-
quencies above the expected 4/rev excitation source. As shown in
Figure 47, the lowest mode was above 6/rev at lll-percent turbine
design speed (89,017 rpm), which can be experienced at 20,000 feet
at climb power.

To meet the stress requirement of all airfoil points at <20
ksi, the GTEC life analysis program, 6WIBUL, was used to determine
the required taper ratio at critical locations at the airfoil (Fig-
ure 48). The blade area ratio required to meet the stress require-
ment was 7.23:1 (i.e., area at the hub line divided by the area at
the tip). The inducer thickness was held at 0.030 inch. The
inducer radius was 2.5 inches, with a hub-line radius at the dis-
charge of 0.50 inch. This hub-line radius, tip thickness, and area
ratio yielded a blockage at the hub line (i.e., worst case) of
56.9 percent. The maximum blockage at the exducer at 20-ksi maxi-
mum stress was 12.76 percent.
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Figure 48. Turbine Rotor Blade Taper Chosen for Low Stress.

Since the wheel was not stress-rupture limited, the area ratio
optimized for maximum stress-rupture life could not be achieved.
The <20-ksi stress requirement was used as the criterion for estab-
lishing the taper ratio of the airfoil. A ceramic turbine wheel
has already been successfully operated at 20-ksi by GTEC for the
AGT-101 Program.

In the ATDS ceramic turbine rotor feasibility study, no stress
or vibration problems were indicated that would prevent initiation
of a detailed design effort. However, prior to committing a part
to a production development effort, the following should be inves-
tigated:

(o} Detailed 2- and 3-D analyses should be conducted to ver-
ify the integrity of parts prior to development and pro-
duction.

o Although high strengths were obtained in test specimens

and wheels, surface and embedded flaws in some parts
created stress concentrations which could cause higher
than tolerable stresses. Additional materials testing
should be performed to quantify the effects of long hold
times at high speeds, and the effects of speed and tem-
perature cycling on the long-term properties of ceramics.

69



3.4.4 Ceramic Turbine Rotor Material and Process Analysis

It is recognized that the use of ceramic rotor materials
yields less weight and eventually leads to lower costs. Less
weight, in turn, means less inertia thus lower gyroscopic reactions
and faster acceleration/deceleration. Moreover, this decreased
weight allows the use of foil bearings, which a heavier rotor would
not permit. Due to the fracture properties of ceramic materials,
burst containment shielding can be decreased, thus reducing the
overall weight of the turbine housing. Projected lower turbine
costs were based on the projected lower cost and high availability
of ceramic raw materials when compared to metal alloys. Fabrica-
tion costs of ceramics are also predicted to be lower than for
metal alloys.

GTEC has extensive experience in analysis and test evaluation
of both Si3Ng4 and SiC rotating components. Sintered silicon-
nitride (Si3N4) was selected for the ATDS turbine rotor because it
exhibited high strength at the planned operating temperature.
Moreover, elastic modulus of Si3N4 is lower than silicon carbide
(SiC), thus reducing component stress. The strength of Si3Ng cer-
amics is increasing at a faster rate than SiC.

Injection molding techniques were selected for fabrication
because they are a demonstrated production method that produces
close-tolerance ceramics.

Significant accomplishments have been made in the fabrication
of ceramic components for both DOE and DOD advanced heat engine
programs. These advances have provided evidence that operation of
ceramic parts in high-temperature engine environments is feasible.
Current ceramic development programs, particularly those for cer-
amic rotors, have been aimed at feasibility demonstrations only,
and not at developing sufficient technology to warrant full-scale
production development. These programs have demonstrated that a
sufficient technology base is needed consisting of additional mate-
rial and process development, design methodology, and a data base
for life prediction prior to commitment to development and commer-
cial production of reliable, cost-effective ceramic engine compo-
nents.

3.4.5 Turbocharger Design Details

The preceding evaluations resulted in the ATDS turbocharger
layout shown in Figure 49. The spacing between the two rotor hous-
ings was determined by the dynamics of the rotating group in a
foil-bearing suspension system. The weight breakdown and bill-of-
material are shown in Figure 50 and Table 46, respectively. This
weight is approximately one-half that of a turbocharger with the
same impeller diameter and using current design approaches. Envel-
ope drawings of the turbocharger are shown in Figure 51.

70



2000

CODLING
AIR ORAIN

COOLING
{ AR IN}

COMPRESSOR

INLET o=

14.00

TURBINE
OUTLET

OIMENSIONS IN INCHES

Figure 49.

ATDS Turbocharger Cross Section.

The only constraint placed on turbocharger size was a maximum
diameter not greater than the 16-inch diameter of a RC2-32 engine.
The high pressure-ratio and efficiency requirements of the RC2-32
engine necessitated a much larger turbocharger size than for cur-

rent units. However,
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ATDS technology represents higher specific
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TABLE 46.

ATDS CONCEPTUAL DESIGN BILL OF MATERIALS.

PART

Compressor housing assembly brazed
Shroud and vane ring
Scroll
Outer ring
Outlet
Outlet flange
Inlet cone
Inlet flange
Turbine housing assembly - brazed
Shroud and vane ring
Scroll
Inlet
Inlet flange
Outlet cone
Outlet flange
Center housing and rotating assembly
Shaft wheel assembly - bonded
Turbine wheel
Shaft assembly - welded
Shaft
Cup
Sleeve
Thrust disk
Compressor wheel
Washer
Nut
Center housing assembly
Center housing
Bearing foils - journal
Bearing springs - journal
Seal ring
Retaining rings - bearing
Retaining ring - seal
Bearing foils - thrust
Bearing springs - thrust
Seal plate assembly - pressed
Seal plate
Seal ring
Cap screws
Heat shield
Turbine shroud
Shims
Bolts
Lock washers
Shims

MATERIAL

Al casting

Al sheet

Al stage

Al sheet

Al plate or tube
Al sheet

Al plate or tube

Fe casting
CRES sheet
CRES sheet
CRES plate or tube
CRES sheet
CRES plate or tube

Ceramic

Steel bar

Nickel alloy bar
Steel tubing
Steel bar
Titanium

Steel

Steel

Al casting
CRES sheet
CRES sheet

Al bar or tube
Steel

Steel

CRES sheet
CRES sheet

Al casting

Al bar or tube
CRES

CRES sheet

Fe casting
CRES sheet
CRES

CRES

CRES sheet
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Figure 51. ATDS Conceptual Design Outline.

power (i.e., turbocharger shaft power divided by airflow) than
today's turbocharger. Moreover, overall powerplant size would sig-
nificantly decrease for an equivalent power output, due to the
higher working fluid density and higher peak cycle pressure.

Overall performance of the ATDS is better indicated by the
power augmentation it provides the RC2-32 engine. Table 47 lists
both the turbocharged and nonturbocharged power outputs of the en-
gine at several operating points. The compressor map for the ATDS
(Figure 52) shows the engine operating lines>at several conditions.

3.4.6 Bearings

A preliminary design study was completed that investigated the
feasibility of using gas-lubricated foil bearings on the ATDS con-
ceptual design. The bearing load requirements at different modes
of aircraft operation are listed in Table 48, and were based on
information received from Cessna. These loads were increased by
design margins totaling 72.5 percent for use in journal bearing
sizing and load capacity calculations. Total loads were obtained
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TABLE 47. RC2-32 RATINGS FOR BOTH TURBOCHARGED AND
NONTURBOCHARGED ENGINES.

ENGINE
SPEED ALTITUDE ENGINE HORSEPOWER
(RPM) (FEET) (TURBOCHARGED) (NONT URBOCHARGED)
g#m
0 320 168
9420 20,000 320 83
0 250 136
7850 25,000 250 55
0 134 107
6390 25,000 134 44
8.0-
70
o 60
—
T ’
w504 320 WP ]
o 1N10% = ¥/ /6
> 0-20K FT
2 40 250 HP
£ 0-25K FT
304 34 pp
0-25K FT
2.0 100% N/\/7 = B5576 RPM
’-D L 4m/n IWI' L] B L] 1
00 05 10 15 20 25 30

CORRECTED AIRFLOW, LB/SEC

Figure 52. Compressor Performance RC2-32 Engine.
for each mode (Table 49) and compared to bearing load capacity
(Figure 53). Detailed calculations were performed on the journal
bearings. For this application, the journal bearings are expected
to experience more severe loads than the thrust bearings. The
loads imposed on the bearings were derived from:
o Gyroscopic forces from aircraft turn, roll, and spin

o Engine and airframe vibration
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TABLE 48. AIRCRAFT OPERATIONAL MODE AND ASSOCIATED LOADS.

LANDING
Landing shock loads, g = 4.25
Aircraft vibration at engine = 1.5
idle, g
Turbocharger speed, rpm = 25,000
TURNING
Turn rate = 75 deg/dec in a 4.0g
coordinated turn at
80-degree bank
Aircraft vibration at = 2,15
Cruise throttle, g
Turbocharger speed, rpm = 45,000
ROLLING
Roll rate, deg/sec = 100
Aircraft vibration at = 2,15
throttle, g
Tur bocharger speed, rpm = 45,000
SPINNING
1=:
Spin rate, deg/sec = 180
Aircraft vibration at = 1.15
engine idle, g
Turbocharger speed, rpm = 25,000
MANEUVERING
Maneuvering loads, g = 4.4
Aircraft vibration at = 2.15
cruise throttle, g
Turbocharger speed, rpm = 45,000
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Figure 53. ATDS Foil Bearing Load Capacity.

o Turbocharger rotor unbalance
o Landing shock 'g' loads
o Aircraft maneuvering 'g' loads.

The compressor and turbine wheels designed for the ATDS are
similar in size to AID T18A turbocharger wheels. Therefore, physi-
cal characteristics of the ATDS turbocharger wheels (i.e., mass,
moment of inertia, center of gravity, unbalance forces, etc.) were
estimated in relation to the physical characteristics of T18A
wheels., In addition, a parallel study of the power loss and load
capacity of a T18A sized free-floating "‘sleeve o0il journal bearing
was completed and used as a basis of comparison for the two bearing
designs. Figure 54 presents the power consumption versus load on
one journal bearing at 80,000-rpm rotor speed. This is approxi-
mately 50-percent of that of an oil-film bearing sized for a com-
parable turbocharger. However, the additional power required for
supplying cooling air is substantially greater than the power re-
quired to supply lubricating oil. Depending on the means used for
supplying cooling air, the total power demand for an ATDS air bear-
ing would be from 70- to 250-percent of the total power demand of a
similarly sized oil-film bearing. The results of this design study
showed that:
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Figure 54. ATDS Foil Bearing Power Consumption.

Two 2- x 2-inch air journal bearings [similar to an
AiResearch design used on the DC-10 environmental control
unit (Figure 55)] will provide sufficient load capacity
for the ATDS turbocharger when subjected to aircraft
operation loads outlined in Table 49.

An aircraft spinning at a rate of 180 deg/sec, at a tur-
bocharger speed of 25,000 rpm at engine idle is expected
to be the worst-case operation mode to which the journal
bearings are subjected.

Load capacity of a 2- x 2-inch air journal bearing at
40,000 rpm turbospeed is 4 times less than that of a
T18A-sized o0il journal bearing suitable for a similar
sized machine.

Critical speeds are shown in Figure 56.

The power consumption of one air journal bearing at
80,000-rpm turbospeed at aircraft cruise power is 0.60 hp

(compared to 1.22-hp power consumption for one T18A-sized
0il journal bearing).
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o Bearing design should be optimized after compressor and
turbine wheel geometries and other turbine/rotor compo-
nents are finalized, and after completion of a detailed
critical speed analysis of the turbine rotor.

o Total system power loss should be calculated for each de-
sign to compare air bearing and oil bearing designs on
the basis of their power consumption. For example, a
total power loss for an air bearing design should include
power loss due to bearing friction and cycle air-bleed
for bearing lubrication and cooling. For an oil bearing
design, this should include power losses due to bearing
friction and oil supply losses for bearing lubrication
and cooling.

o Further development of high-temperature coatings for
foils and journals is also required in order to achieve
the reliability currently demonstrated by Teflon and
polyamide coatings at moderate temperatures.

A TiC foil coating currently used in conjunction with the
Kaman SCA journal coating has demonstrated acceptable bearing per-
formance at temperatures exceeding 1200°F. However, this coatimg
is very brittle and thickness must be maintained at 15,000 A.
While this coating has demonstrated good wear and friction resist-
ance, its thinness raises questions regarding conformability, which
is characteristic of relatively thick (~1 mil) low-temperature
coatings. Since TiC has no wear-in characteristics, load capacity
and wear tolerance is reduced. A high-temperature foil coating
that possesses such wear characteristics should be identified.
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4.0 TECHNOLOGY IMPACT

4.1 Key Technology Requirements

The key technologies required to achieve the proposed ATDS de-
sign are listed in Table 50 which includes current status and
availability. For turbochargers, the production capability of gas
turbine engines was defined as laboratory demonstration capability
because of differences in manufacturing technology.

It is evident that high-pressure-ratio compressor efficiency
at low flows must be developed. This need is particularly apparent
in the case of a turbocharger for aircraft diesel engine applica-
tions, where a 7.3-pressure ratio at 83-percent efficiency may be
required. The overall industry capability, as previously shown in
Figure 8, indicates that this requirement will be the most diffi-
cult to satisfy.

TABLE 50. KEY TURBOCHARGER TECHNOLOGY REQUIREMENTS.

NEEDS
UNDER ADDITIONAL
REQUIREMENTS AVAILABLE INVESTIGATION DEMONSTRATION
—T—————— 1

High~pressure-ratio

aerodynamics X X

o Efficiency X X

o Flow range X X
Foil bearings X X

o Cooling X X

o Dynamics X X
Ceramic turbine

o Useful materials

data base X X

Lightweight housings X

o Containment X

o Acoustics X

Gas seals X
Engine exhaust

system optimization X X
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Surge margin (flow range) in high-pressure-~ratio compressors
is difficult to obtain where higher pressure ratios are demanded.
Techniques to increase surge margin should begin by increasing the
amount of backward curvature on impeller vanes, and then by pro-
gressing to the use of variable diffuser vane angles. To date,
development activity in this area has been concentrated at lower
pressure ratios for backward curvature, and at higher flows for
variable diffuser vanes. Further technology demonstrations are re-
quired to ensure that broad surge margins are possible at the flows
and pressure ratios required for advanced turbochargers.

Hydrodynamic lubrication processes (including the use of air)
generate sufficient friction that a significant part of the air
supply required by the bearing is used to remove heat generated by
this friction. The turbine-end foil bearing also requires cooling
because of the heat conducted from the turbine. The total cooling
required is a significant proportion of compressor airflow. As a
result of this cooling requirement, considerable incentive exists
to identify foil coatings that can withstand higher temperatures
and to develop design techniques that reduce aerodynamic losses in
the foil suspension system. To do this, further development effort
is required.

Cold foil bearing support of a rotor is an existing production
capability that is used for aircraft cabin air-conditioning units.
Use of hot foil journal bearings (with no thrust loading) has been
demonstrated in three gas turbine engines. However, the ATDS de-
sign requires full support (journal and thrust bearings) of a hot
rotor. This capability has not yet been demonstrated. Further-
more, test experience indicates that the dynamics of the foil sus-
pension favors very light rotors, and that development of high-
temperature, low-friction foil coatings is necessary to meet this
need. Foil bearings are sensitive to rotor mass, which increases
as the cube of linear dimension increases, while bearing capability
increases only as a square function. To date, this has prevented
the use of foil bearings in larger turbochargers. Moreover, the
ability of the foil bearing suspension system to absorb shock or
impact loads without rotor contact and foil wear is another uncer-
tainty that requires development effort before foil bearings can be
committed to production.

Ceramic turbine rotors have been the focus of much development
activity, yet the durability and reliability required for an air-
craft turbocharger have yet to be demonstrated. An urgent need
exists for a material and process that has consistent, dependable
properties. The most ambitious ceramic demonstration programs now
in work are just that--demonstrator programs with no durability
validation planned. The ATDS Program has shown that continued cer-
amic material and process development is needed to provide repro-
ducible properties in rotors sized and configured for turbocharger
use.
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Certification of general-aviation engines to date has been
accomplished using turbochargers with thick housings designed to
contain a 3-piece burst of a heavy metal wheel. The use of a ce-
ramic rotor will permit the.use of a lighter weight turbine hous-
ing, since a ceramic wheel burst would generate only lightweight,
small-sized particles. This has provided the motivation to develop
lightweight housings and more carefully assess their containment
capability. The acoustic properties of these lightweight housings
must also be studied, since they may transmit significantly in-
creased noise levels. It should be noted that the design and anal-
ysis technology for lightweight housings is already well-developed
for gas turbines, and additional technology demonstration is not
expected to be required.

The use of a foil bearing suspension system could allow
greater displacement of the rotating group during transient maneu-
vers, startups, shutdowns, and impact loading than experienced with
conventional bearing support. This could result in more frequent
contact with labyrinth seals that are not designed for such con-
tact. This problem could be alleviated with a design that allows
easy seal replacement, but a longer-term solution is needed.
Abradable seal technology is well-developed in gas turbines, and
this approach should be studied as an alternate technique for use
in advanced turbocharger designs.

The exhaust optimization studies conducted in Task III indi-
cated that engine/turbocharger installation efficiency will bene-
fit from further work on the intake and exhaust systems. Basic
analytical tools are available (i.e., UMIST Mark 12, etc.) but
adaptations may be needed for rotary engines.

In summary, further technology demonstration/development pro-
grams are required prior to the commitment of the ATDS design for
commercial development. These additional efforts are justified by
the desireable turbocharger features listed in Table 51. Areas of
particular emphasis are listed in Table 52, while the specific fac-
tors needing further demonstration are identified in Table 53.
These justifications are examined with respect to other market
needs in the following paragraphs.

4.2 Overall Market Impact

The turbocharger market can be divided into at least seven
categories:

o General aviation
o Highway trucks
o Marine

o Off-highway vehicles
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TABLE 51. TURBOCHARGER FEATURES HAVE BROAD APPEAL.

o No o0il lubrication

o High-temperature capability turbine

o] Lower weight

o Higher pressure ratio for higher engine power density
o) Less rotating mass

o Reduced heat storage

o High-efficiency aerodynamics

TABLE 52. SUGGESTED AREAS OF EMPHASIS.

COMPONENT POTENTIAL

_—————
Foil bearings Greatest benefit in engine system

reliability improvement

Ceramic turbine Greatest benefit in weight and
transient performance improvement

Compressor Greatest benefit in system effi-
ciency improvement
Lightweight Greatest benefit in weight and
housing transient performance improvement

when combined with ceramic turbine

TABLE 53. FACTORS NEEDING FURTHER DEMONSTRATION.

COMPONENT /PART ADVANTAGES
Ceramics and Applicable for large-sized components
foil bearings
Foil bearings Resistance to impact loads
Compressor Greater flow range for commonality
Ceramic turbine Consistent properties
materials
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A

o Automobiles
(o) Locomotive
o Ground power (stationary/mobile).

The ground power category was divided into stationary (large) and
mobile (small) classes to further illustrate the applicability of
the key technologies from the ATDS design. The impact of the
entire design, as well as that of the following four key technol-
ogies was used to assess the need for ATDS technology:

o High compressor pressure ratio
o Full gas-~bearing-supported rotor
o) Ceramics for radial turbines

o Lightweight housings.

The assessment of the turbocharger market impact was based on an
ATDS design that was sized for the RC2-32 engine. Therefore,
mar ket penetration of the ATDS turbocharger was closely tied to
that of the RC2-32 engine. High-altitude operation requires high
inlet boost, and, other than general-aviation aircraft, very few
applications require significant operation at altitudes over 5000
feet. It was uniformly desireable that the turbocharger and engine
lubrication system be separate. Though all other engine applica-
tions with a fixed-load operating line require a broad flow-range
turbocharger, the diesel does not. Moreover, engines with a wide
variation in load require good turbocharger transient response. A
standard set of needs and how well they were met by the ATDS was
reviewed for each potential market. These were:

o) Increased pressure ratio

o Mounting attitude insensitivity

o Small size (volume)

o Large range of flow capacity

(] Higher efficiency

o Greater reliability

o Independence from engine lubrication system
o} Large surge margin

o Better transient response

(o} Impact loading tolerance.
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4.2.1 General-Aviation Market - The ATDS Program has shown that
the proposed design has the potential for major impact in the
general-aviation market. Its four key technologies supply the spe-
cific needs listed in Table 54. It is expected that at least three
variations to the design will be needed to match the pressure/flow

characteristics of Otto, rotary, and diesel engines (expected to be
in production in the 1990's). Size and exhaust considerations
dictate rear installation. 1In the event that very high-pressure-
ratios are needed by diesel aircraft engines, a two-stage compres-
sor may be required. Ultimately, a turbocharger would be optimized
for each engine class, since turbocharger market penetration is
tied to individual engine model installations.

4.2.2 Truck Market - By far the largest turbocharger market at
this time is for highway truck engines. A number of turbocharger
models are available for this market, with approximately 200,000
units-per-year produced. Truck engines require a turbocharger with
good transient response and broad surge margin (Table 55). At high
pressure ratios, both requirements could be met using single-stage
units with variable geometry. Another way to meet this requirement
is to use two stages in series, or possibly two-spool units. Small
size is almost as critical a factor as with aircraft applications.
The high utilization of trucks places a premium on efficiency over

TABLE 54. GENERAL-AVIATION MARKET.

NEEDS ATDS~-SUPPLIED
Increased pressure ratio Yes
Mount attitude insensitivity Yes
Small size No
Higher efficiency Yes
Greater reliability/Life Yes
Independence from engine lube system Yes

PENETRATION BY ATDS

Current design - As great as that of each engine application

Selected components - Major (turbo optimized for engine class)
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TABLE 55. TRUCK MARKET,

NEEDS ATDS-SUPPLIED
- Increased pressure ratio Yes
- Wide flow range No
- Small size No
- Higher efficiency Yes g
- Greater reliability/life Yes
- Better transient response Yes
- Independence from engine Yes
lube system

PENETRATION BY ATDS

- Current Design - Minor (a range
of sizes is needed)

- Selected components - Major: (foil
bearings, low-mass turbine hous-
ing, ceramic turbine)

a broad range, which also favors the two-stage turbocharger.
Ceramic rotor and foil-bearing supension would be of particular
value in truck applications, to provide independence from the
engine lubrication system, which is relatively dirty.

4,2.3 Marine Market - The marine market is not as large nor as
price-sensitive as the highway truck market. Marine diesel engines
range from less than 100 to over 20,000-horsepower and require a
large range of turbocharger flow. Because most engines operate
under fixed propeller 1load characteristics, this turbocharger
application does not require broad surge margin., It is not known
how easily the ceramic turbine and foil bearings will scale up to
accommodate larger flow capacities. Specific speed considerations
indicate that axial flow turbines are preferable with large en-
gines. ATDS suitability for the marine market is summarized in
Table 56.
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TABLE 56. MARINE MARKET,

NEEDS ATDS-SUPPLIED
- Increased pressure ratio Yes
- Large range of flow capacity Partly
- Higher efficiency Yes
- Greater reliability/life Yes
- Better transient response Yes
- Independence from engine Yes
Lube system

PENETRATION BY ATDS

- Current design - moderate (limited
by engine applications)

- Selected Components - Major (turbo
optimized for engine class) to mod-
erate will depend on scaled-up capa-
bility for ceramic wheel and foil
bearings)

4.2.4 Off-highway Market - The off-highway market (including
military tracked vehicles) is dominated by diesel engines and has a
moderately wide range of flow capacity requirements (Table 57). It
is expected that rough terrain would place high impact loading on a
turbocharger rotor. Thus, air bearings might not have adequate
load capacity for this application. Depending on the drive train
design, high surge margins may or may not be required. Again,
since engine scale-up capabilities are uncertain, ceramic turbine
and foil bearing technologies may not be applicable to larger sized
engines in off-highway applications.

4.2.5 Automotive Market - The automotive market offers high pro-
duction potential for small turbochargers. Automobile engines re-
quire good surge margin and small-sized turbochargers. This can be
accomplished by adapting the ATDS technologies to the specific
needs of the automotive engine (Table 58). The problem of down-
scaling these technologies from the ATDS is one of manufacturing at
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TABLE 57. OFF-HIGHWAY MARKET.

NEEDS ATDS-SUPPLIED |

- Increased pressure ratio Yes

- Varied flow range
(Mechanical Trans - wide range

Hydraulic Trans - narrow range) Partly
- Large flow capacity range Partly
- Higher efficiency Yes
- Greater reliability/life Yes
- Better transient response Yes

- High-amplitude vibration

tolerance No
- Independence from engine lube Yes
system

PENETRATION BY ATDS

- Current Design - Moderate (mostly on
units with hydraulic transmission)

- Selected Components - Moderate (i.e., foil
bearings may not have adequate stiffness)
to Major (depends on scaled-up capability
for ceramic wheel and foil bearings)

a competitive price; 1i.e., the performance difference between to-
morrow's and today's technologies may not justify the cost differ-
ences unless advanced manufacturing technology developments are
made that allow new turbochargers to use processes similar to
today's turbocharger.
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TABLE 58. AUTOMOTIVE MARKET,

NEEDS ATDS-SUPPLIED

- Mount attitude insensitivity Yes
- Increased pressure ratio Yes
- Wide flow range No
- Very small size No
- Higher efficiency Yes
- Greater reliability/life Yes
- Better transient response Yes
- Independence from engine lube

system Yes

PENETRATION BY ATDS

- Current Design - Minor (A range of sizes
is needed)

- Selected Components - Major (easily
scaled down)

4.2.6 Locomotive Market - The locomotive market is small, and uses
large diesel engines almost exclusively. The high-pressure-ratio
compressor 1is the only ATDS technology that can definitely be
scaled up for a locomotive turbocharger (Table 59).

4.2.7 Ground Power Market - The ground power market is divided
into two groups--mobile and stationary engines. Although each
group includes a wide range of airflow capacities, the mobile
market is dominated by small engines, while the stationary market
is dominated by large engines. ATDS technology is applicable to
mobile engines. However, stationary engines will require large
turbochargers, and uncertainty exists concerning the scaling of
ATDS technology. The needs of the ground power market (Table 60)
are not unique. However, a general improvement in turbocharger
parameters would be beneficial in this area.
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TABLE 59. LOCOMOTIVE MARKET.

NEEDS ATDS-SUPPLIED
Increased pressure ratio Yes
Large flow capacity No
Higher efficiency Yes
Greater reliability/life Yes
Independence from engine lube
system Yes

PENETRATION BY ATDS

Current Design - Minor (Too small)

Selected Components - Major (If
scale—-up capability exists)

TABLE 60. GROUND POWER MARKET,

NEEDS ATDS-SUPPLIED

Increased pressure ratio Yes

Wide flow range Yes
Large flow capacity range Partly
Higher efficiency Yes
Greater reliability/life Yes
Better transient response Yes
Independence from engine

lube system Yes

PENETRATION BY ATDS

Current Design - Moderate (for
engines with airflow match)

Selected Components - Major (Family
of sizes needed)
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4.2.8 Market Impact Summary - A matrix summary of the impact of
the ATDS technologies is shown in Figure 57. The perspective of
the entire market indicates that emphasis should first be placed on
developing a ceramic turbine -- not so much because of its tempera-
ture capabilities, but because of its light weight and potentially
low manufacturing cost. The second-most important technology for
further study is the foil bearing, principally because it reduces
the risk of damage and/or shutdown of the engine. The third most
important technology is the high-pressure-ratio compressor, which
will provide engine cycles with higher compressor efficiency and
pressure ratio.

A cursory estimate of the benefits of the ATDS technology
based on an assumption of a one-million-unit annual turbocharger
market in 1990 is shown in Table 61. This table also shows the
utilization assumed for a representative application 1in each
market. The assumption of only a l-percent SFC improvement results
in a potential gain of $54-million-per-year for newly produced
engines. Based on an average useful life of at least 10 years, the
lifetime benefit would be $540 million dollars. Moreover, the
weight savings offered by the ATDS technology for weight-sensitive
applications would result in a multimillion-dollar benefit in DOC
savings.

4.3 ATDS - Related Programs

Several technology programs underway or recently completed
that involve scaled components of turbocharger size, or components
that are scalable for turbocharger use (Table 62) are:

ATOS HigH- LIGHT
OESIEN PRESSURE FOIL  CERAMIC  WEIGHT
(AS48)  COMPRESSOR  BEARINGS  TURBINE  HOUSING
GENERAL AVIATION o o ® @ o
TRUCK . . ) ® )
OFF-HIGHWAY . ) ) @ o
MARINE . ° ° o .
AUTOMOTIVE . ® o o °®
LOCOMOTIVE . °® . . .
GROUND POWER
(MOBILE) . ) o ® .
{STATIONARY] P . . .

MAJ0R = @) MODERATE -@ MINGR =o

Figure 57. ATDS Technology will have a Broad Market Impact.
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TABLE 61. OVERALL MARKET IMPACT SUMMARY.

MEAN MEAN  MEAN FUEL COST

Cors ¥ oot ¥ MR x voses = YT x TR o 105 um
General- |

aviation* 250 0.42 300 10,000 58
Truck* 100 0.35 1000 400,000 2,585
Marine 200 0.35 500 100,000 646
Automotive* 20 0.55 200 200,000 81
Locomoti1ve 2000 0.35 1500 1,000 194
Oof f-highway 200 0.50 500 100,000 925
TOTAL $5,414 x 10°
*Weight-sensitive
1-percent Fuel Savings = $54 Million/Yeart
(o} NASA Scaled Centrifugal Compressor Program (Contract

NAS3-2243)

development activity is planned.

demonstrated the scalability of an existing
25-1b/sec design to both 10- and 2-1lb/sec.

However, no

o) AFAPL Variable-Cycle Technology Propulsion System As-

sessment Program

(Contract F33657-79-C~0726)

developed

an extended surge margin in a 25-1b/sec centrifugal com-

pressor through the use of variable geometry.

of the resulting design is planned.

No scaling

TABLE 62. EXISTING TECHNOLOGY PROGRAMS.
COMPONENT - PROGRAM SPONSOR _ ST%IES ==;;J
Compressor Scaled centrifugal NASA In ;;;;
‘Variable Cycle Centrifugal AFAPL In test
Ceramic turbine AGT101 DOE Preliminary design
Injection molding demo| AMMRAC Hardware
Foil bearing AGT101 DOE Early testing
TJE331 foi1l bearing AFAPL AF planning
demonstrator
APU gas-lubricated AFAPL Testing underway

foil bearing

Lightweight housing

None
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o NASA/DOE AGT101 Program (Contract DEN3-167) entails
operation of a demonstrator engine by 1985, with both
ceramic turbine and foil bearing applications included.
However, the foil bearing design is a journal bearing
only, with the rotating group supported at the compressor
end with a ball bearing that also absorbs thrust. Again,
no provision exists for production development.

o AMMRC Low-Cost, Net-Shape Ceramic Radial Turbine Rotor
Program - Demonstrated the capability of injection-
molding the appropriate geometry; however, durability or
reliability were not taken into consideration.

o AFAPL TJE331 Foil-Bearing Demonstrator Program (not yet
contract status) - Though demonstration is planned, no
production development is planned as part of the con-
tract. The TJE331 is a single-spool, expendable turbojet
engine. For this program, the design would be modified
to incorporate full foil bearing support of the rotating
group. Again, development for production is not part of
the planned program.

o) AFAPL Gas-Lubricated Foil Bearing Development Program
(Contract F33615-73-C-205) - A nearly completed demon-
strator program. Development for production is not plan-
ned. 1Incorporates a bearing system configuration 1like
that used in the AGT10l1l (i.e., ball-thrust and foil jour-
nals).

It is apparent that none of these programs provide the essen-
tial turbocharger technology that would allow commitment to produc-
tion turbocharger development. The prospects for success of each
program are good to the level of technology stated; that is, a fea-
sibility demonstration of objectives. However, only a few of these
objectives coincide with the objectives of an advanced turbocharger
design. NASA modification or addition to several of these pro-
grams is possible, but even this would not ensure reaching the
long-range goals of the ATDS Program.

Formulation of component technology demonstration programs
specifically directed toward turbocharger development is necessary
to establish the ATDS turbocharger concept for production. The
programs listed in Table 63 are necessary to accomplish this. De-
tailed recommendations for each program are discussed in Section 5.
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TABLE 63. CONCEPTS THAT MUST BE ADDRESSED BY FUTURE PROGRAMS.

COMPONENT /PART

NEED

s

Ceramic turbine rotor
Foil bearing

High-pressure-ratio
compr essor

Lightweight housing

Turbocharger

Characterization and demonstration

Operating parameters

Flow range and efficiency

improvement

Containment and acoustic investigation

Full-scale demonstrator
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5.0 TURBOCHARGER TECHNOLOGY - FUTURE PLANS

5.1 Summary

Advanced technology engines developed in response to NASA's
program for general-aviation aircraft will require turbocharging to
achieve design performance. Turbocharger pressure ratios of 5 to
8, required by these advanced technology engines at 25,000 feet, are
substantially higher than any existing turbochanrgers can provide.
Moreover, turbochargers designed for these new engines using
today's technology would be substantially heavier (85 versus 42 1lb)
than any units currently acceptable for aircraft application., The
alternative of using two turbochargers in series to achieve the
necessary pressure ratios would provide acceptable performance but
would still be heavy and would make it harder to install the turbo-
charged engine in an aircraft nacelle. Therefore, new turbo-
chargers will be needed that require the use of advanced technol-
ogies to support the advanced technology engines and to attain the
desired goals in improved fuel consumption and performance. These
advanced turbochargers require:

o Determination of the compound (engine and turbocharger)
cycles
o} Definition and build of turbochargers appropriate to each

engine cycle

o Development of additional technology in air bearings,
ceramics for rotating aerodynamic components, and con-
trol of variable-geometry elements.

The Garrett Corporation has contributed substantial advance-
ments to the state of technology in each of these areas. The
resulting technical capabilities and technology base will be used
in acquiring the advancements necessary for an advanced technology
turbocharger.

5.1.1 Cycle Definition

Cycle definition will require effort to coordinate require-
ments and available technology for the intermittent combustion (IC)
engine and turbomachinery portions of the complete compound engine.
AID has contributed to optimization of the overall cycle for its
many engine customers through its application of engineering exper-
tise and custom aerodynamic development capabilities. GTEC has
developed an extensive capability for integration of combustion
cycles with turbomachinery aerodynamics, and has also developed
compound engines combining IC engines with turbomachinery. These
technologies have direct application to the Advanced Technology
Engine Program.
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5.1.2 Advanced Turbochargers

The assembly and test of turbochargers incorporating all the
advanced technologies is required to determine the proof of con-
cept. The conceptual design portion of the advanced turbocharger
design study is an example of layout of an advanced technology test
unit for the RC2-32 engine. GTEC and AID routinely design and
build prototype and breadboard turbomachinery for specific appli-
cation and laboratory investigations. While simulation of turbo-
charging (most applicable to a constant-pressure application) and
adaptations of off-the-shelf turbochargers for some individual
operating points can assist in investigating engine operating char-
acteristics, the final testing of engine technology advancements
cannot be considered complete without including a complete, appro-
priately sized turbocharger. No program currently under way incor-
porates such high-pressure~ratio aerodynamics in a practical turbo-
charger, even if the recommended features of air bearings, variable
geometry, and ceramic turbine were deferred.

5.1.3 Required Technology Advances

5.1.3.1 Air Bearings

Air bearings have been employed in production bearing systems
for rotors experiencing moderate gas temperatures, and in develop-
ment programs as hot-end bearings for gas turbine engines. Air
bearing demonstration and development programs currently under way
are shown in Figure 58. These programs and production experience
have shown that gas-lubricated foil bearings are capable of with-
standing starting and shutdown friction at elevated temperatures,
and that bearings can be designed with adequate dynamic stiffness
at moderate temperatures. None of these programs, however, has yet
addressed the dynamics of a rotor fully supported on air-lubricated
journal and thrust bearings which are capable of withstanding large
changes in operating temperatures. This need is currently being
addressed at AID through technology programs for small turbo-
chargers, and is also under consideration by the Air Force Aero
Propulsion Laboratory (AFAPL) for short-life applications. How-
ever, these programs do not fully address the requirements for long
life and the large sizes needed for an advanced turbocharger.

5.1.3.2 Ceramics

Ceramic technology efforts currently underway are shown in
Figure 59 and include:

o AGT Programs

o AMMRC/Garrett Radial Rotors Program
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o TACOM/Cummins Large Rotor Study

o Garrett Small Turbocharger Programs.
o] NASA/DOE Ceramics Initiative.

Though each of these programs will contribute technology that
will be useful in the advanced turbocharger technology development
program, none provides the long-term materials properties needed to
undertake the design of a turbine with adequate reliability for an
aircraft engine. Material properties that are both a function of
material processing as well as size will not be sufficiently
addressed in the turbine wheel size (i.e., 5.5-inch diameter)
required of the advanced turbocharger.

The AMMRC and Garrett company-funded programs are farthest
along in studying material properties in actual aerodynamic shapes,
but are directed at rotors of 2- to 3-inch tip diameter. Material
property development in the AMMRC/Garrett Radial Rotors Program is
limited to short-time properties. The AGT Programs, which address
an appropriate sized turbine, have met with success only by selec-
ting samples with acceptable short-term properties. None of the
currently active programs, including the Cummins Feasibility Study,
address the determination of long-term material properties. Though
the ceramic initiative being pursued by NASA/DOE has recognized the
importance of both long-term property characterization and reli-
ability design techniques, these aspects will not be addressed
until the late 1980's. This would delay the availability of the
technology advances demanded by the general-aviation market.

However, experience gained in the AGT and AMMRC programs indi-
cates that the short-term properties of silicon nitride are good
enough to justify the design of a rotor for an advanced technology
turbocharger. Sufficient design latitude was found during the ATDS
conceptual design effort to give reasonable expectation that a
suitable design can be achieved once the long-term properties are
known.

5.1.3.3 Variable Geometry

Garrett has acquired substantial experience in several areas
related to control requirements for variable geometry. Turbine
engines manufactured by GTEC use integrated control systems for all
phases of operation that include some variahle-geometry elements.
However, performance optimization for turbine engine control is
related only to the combustion process and the turbomachinery aero-
dynamics., The additional complexity of the IC engine as the power
producer creates a new requirement for technology development., AID
has current experience in controls for exhaust bypass valves on
turbocharged IC engines, but this control function has not been
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integrated with other controls on the engine. Past AID programs
have controlled variable turbine inlet guide vanes to maintain con-
stant compressor pressure rise, but again, the overall engine per-
formance has not been thorocughly optimized.

5.2 Recommended Follow-On Effort

The requirements definition, technology survey, and studies in
connection with the conceptual design effort show the feasibility
of advancements in turbocharger technology for general aviation.
The key consideration in the advancement of turbocharger technology
is the integration of the engine and turbocharger technology demon-
strations and eventual development activities shown in Figure 60.
This plan has a baseline goal of 1991 for an aircraft incorporating
advanced engine and turbocharger technologies, and is based on an
optimistic schedule that includes the development of an advanced
engine. Morever, proper timing of the advanced test turbocharger
programs is necessary so that capabilities are assured prior to
committing the turbocharger to the performance requirements of a
specific engine. It is apparent that to meet these goals, the fol-
lowing component technology and coordination programs must begin
immediately. Slippage in initiation of the component programs will
either lead to a delay of turbocharger availability, or force the
design to a lower technology level.

1983 1984 1985 1986 1987 1988 1989 1990

TURBOCHARGER PRELIMINARY DESIGN —

TURBOCHARGER TECHNOLOGY DEMONSTRATION
HIGH-PRESSURE-RATI0- COMPRESSOR
FOIL BEARINGS
CERAMIC TURBINE
LIGHTWEIGHT TURBINE HOUSING
VARIABLE-GEOMETRY TURBINE NOZZLES

TURBINE AERODYNAMIC DEVELOPMENT
TURBOCHARGER TEST UNIT

PRODUCIBILITY EVALUATION
TURBOCHARGER
ENGINE

TU RBOCHARGER DEVELOPMENT

~ ENGINE PRELIMINARY DESIGN
_ ENGINE ENABLING TECHNOLOGY
" ENGINE DEVELOPMENT

GOVERNMENT
INITIATIVE
REQUIRED

}

LATEST AVAILABILITY OF TURBOCHARGER COMPONENT TECHNOLOGY
THAT WILL ENABLE GOAL FOR 1991 AIRCRAFT INTRODUCTION

Figure 60. Integration of Engine and Turbocharger
Technologies/Development Activities.
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.The following recommendations describe the required programs,
and indicate whether current industry efforts will achieve suitable

results or whether additional efforts are required.

5.2.1 Technology Requirements Coordination

Coordination of the preliminary designs of engine, turbo-
charger, and related control components and systems, considering
continuing technology advances, is fundamental to ensuring that
support continues to be directed toward the most advanced technol-

ogy programs.

Successful integration of engine, turbocharger, and control
system technology requires thoughtful assessment of the relative
difficulty of obtaining advances in each technology. Tradeoffs of
potential advances must be continually reviewed throughout prelim-
inary design of the engine, including its appropriate turbocharger.
Technology and design coordination would define aerodynamic cycle
requirements, establish thermal loading of the turbocharger as
affected by mounting location, coordinate cooling provisions for
the engine and turbocharger, and optimize turbocharger mounting
dynamics and vibration response.

A program should be initiated to coordinate technology
advancement requirements for general aviation engines. This pro-
gram should be conducted in conjunction with, and would aid in man-
aging technology advancement programs for engine and turbocharger
technologies.

The design phase of each advanced technology engine should
include--at least quarterly--cycle design and technology reviews
attended by the engine and turbocharger contractors. At each
review, the more difficult requirements of the engine and turbo-
charger should be presented for discussion of alternative technolo-
gies. Following each such review, the engine and turbocharger par-
ticipants would report their evaluations of the alternatives pre-
sented.

5.2.2 Advanced Component Turbocharger Testing

An important milestone in NASA's general-aviation engine tech-
nology advancement programs should be the buildup of several turbo-
charger units utilizing components derived from the separate ad-
vanced technology programs., Other program recommendations herein
reflect the technology advancements appropriate and necessary to
achieve this milestone. Significant technologies that should be
incorporated in the turbochargers include variable geometry of tur-
bines and/or compressors, air bearings, and ceramic turbine rotors.
To date, these three concepts have never been combined in a single
turbocharger design. Each of these concepts by itself should im-
prove turbocharger life and performance.



The initial advanced turbocharger configuration could be based
on the design generated in the ATDS for the RC2-32 rotary engine.
This design could be modified to incorporate the use of a variable
turbine inlet nozzle. This configuration could be established as
soon as the interface configuration, engine speed, and engine dis-
placement are determined. Design efforts would establish configu~
rations of the aerodynamic rotating group, air bearings, and vari-
able turbine inlet nozzles. The turbine should be designed using
the best available information on properties of available ceramic
materials., It is expected that enough acceptable turbine wheels
can be produced to satisfy the requirements of the engine technol-
ogy demonstration, Concurrent with the advanced turbocharger test-
ing program, separate rotor testing should be performed to deter-
mine ceramic property data for correlation with test bar data.

Variable turbine inlet nozzles should provide some improvement
in engine efficiency and at the same time, provide better control
of the fuel/air ratio for the four-stroke cycle of the rotary
engine., This technology would also improve performance of the two-
stroke cycle diesel engine by maximizing the scavenging pressure
drop across the engine. The degree of improvement in each case
would depend greatly on the control logic selected. Each engine
and turbocharger designer would have the opportunity and responsi-
bility to investigate logic alternatives, including parameters to
be sensed and the options of open-loop versus closed-loop control
of parameters of interest. While a schedule of vane position or
engine inlet manifold pressure versus operating conditions may be
sufficient to obtain acceptable operation of the engine, there are
opportunities for interactive optimization of fuel/air ratio or
even of fuel consumption at any operating condition.

Concurrent with the RC2-32 Advanced Turbocharger Program,
definition of the aerodynamic cycle for the 1992 Advanced Technol-
ogy Diesel Engine (ATDE) should begin. The coordination program
recommended above would be instrumental in optimizing the complete
engine/turbocharger cycle, including selecting accessories related
to semi-independent operation of the turbocharger. Cooperative
evaluation of the requirements for achieving high pressure ratios
with good efficiency, compared with the benefits of minimizing
engine size and speed, would establish the degree of turbocharging
to be used. Cycle analysis and preliminary aerodynamic design
would then establish whether variable compressor geometry as well
as variable turbine inlet nozzles are desirable. During cycle
definition, substantial effort should be devoted by the turbo-
charger and engine designers to determine the optimal control logic
for the variable geometry features. Progress on the diesel engine
would not be impeded by a slightly later start, since laboratory
simulation of turbocharging would acceptably represent actual tur-
bocharging for the two-stroke diesel engine during its preliminary
technology and cycle development.
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Requirements for an advanced turbocharger for the advanced
technology spark ignition engine should be determined in conjunc-
tion with the technology test program for that engine.

A program should be initiated for advanced turbochargers for
the candidate advanced technology engines. Each turbocharger
should be developed in four phases:

o} Preliminary design of the machine and its controls

o Rig testing as required to confirm design characteristics

o Construction and testing of the advanced turbocharger on
a hot gas test stand

o) Delivery of the unit to the engine manufacturer for
testing.

5.2.3 Component Technologies

5.2.3.1 Air Bearings

Use of air bearings would eliminate turbocharger dependence on
the engine 0il system. Engine wear particles could not harm the
turbocharger bearings. Weight of o0il lines would be eliminated,
along with the problems of safely routing them to the turbocharger.
Heating of engine o0il would be reduced, and oil drain provisions
would no longer constrain turbocharger mounting attitudes. To gain
these benefits in turbochargers for advanced technology engines,
technology development is required in areas of thermal control,
cooling, duty cycle determination, and bearing stability.

5.2.3.1.1 Air Bearing Temperature Control Technology

Successful application of air bearings to turbochargers may
require new techniques of temperature control in the bearing hous-
ing. To define technology requirements in this area, a comprehen-
sive thermal study of a turbocharger bearing system is necessary.
The conceptual design developed by the ATDS is an appropriate model
for this study. Evaluation of various means of temperature control
at the bearing foils would assist in setting realistic targets for
foil coating temperature capability and contribute input to on-
going foil coating development and evaluation programs. Estimates
of bearing temperature changes in operation would also contribute
design input to the bearing dynamics technology program. Turbine
inlet temperatures considered should allow for the effects of
reduced engine cooling in future engine technology advancement pro-
grams., Program results would be sufficiently broad in scope to
benefit a variety of advanced engine technologies. No existing
program is structured to produce parametric results to guide appli-
cation of bearing temperature control technologies over this broad
operating range.

A comprehensive thermal study of the ATDS bearing system
should be performed in support of the overall effort of designing
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advanced turbochargers. Parametric studies should be made to eval-
uate the effects of changes in materials conductivity, areas of
thermal flow paths, cooling air flow velocity, pressure, and tem-
perature, and turbine inlet gas temperature on bearing component
temperatures.

5.2.3.1.2 Air Bearing Cooling Air Sources

Alternative means of providing air for bearing cooling should
be evaluated. The high compressor pressure ratio required in air-
craft applications produces hotter and higher pressure air than
required for bearing cooling. Aircraft applications have unusually
difficult requirements in these respects, and there is no existing
program that will supply applicable information. Possible air
sources for cooling include the turbocharger compressor, either at
the normal discharge station or at an intermediate pressure bleed
location; mechanically or pneumatically driven air compressors or
fans; and aspiration of ambient air to augment a reduced compressor
bleed flow. Definition of air temperature and pressure would
establish these parameters for use in the bearing system thermal
study. An appropriate air source might also supply air to pres-
surize the cabin at less overall energy cost. Evaluations of pos-
sible air sources should be used in design and technology tradeoffs
by engine and turbocharger designers.

A program should be initiated to evaluate alternative air
sources for bearing cooling. This study should include cycle anal-
ysis and performance specifications of alternate cooling air supply
components, and comparisons of engine and turbocharger performance.

5.2.3.1.3 Air Bearing Duty Cycles

The air bearing duty cycles in IC engine powered general-avia-
tion aircraft need further definition. A study and experimental
program should characterize turbocharger and rotating group motion
during starting, running, and shutdown, and determine the greatest
likely bearing loads due to hard landings, taxiing, and combina-~
tions of flight maneuvers. A variety of aircraft missions should
be used to establish the time/temperature profile and load in situ-
ations that can cause contact between the rotor and bearings. The
resulting operating profiles can be combined with the improved
understanding of transient dynamics to establish more complete
requirements for foil design and coating materials. Evaluation of
the effects of mounting methods and location on the duty cycle
parameters would contribute to selection of an optimized installa-
tion by the engine and turbocharger designers. The operating pro-
files to be established are unique to aircraft applications, and at
present there are no programs to adequately define the applicable
duty cycle.

A program should be initiated to provide a comprehensive def-
inition of the duty cycle of air bearings in IC engine-~powered
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general-aviation aircraft, considering the frequency and duration
of all operating conditions over a variety of mission types.

5.2.3.1.4 Air Bearing Stability Analysis Technology

Garrett experience in application of compliant foil gas bear-
ings covers a wide spectrum of rotor configurations, performance
requirements, and operating environments. In the course of per-
forming each rotor dynamics analysis, the interaction of rotor and
bearings is examined using parametric techniques. Incomplete
knowledge of foil bearing dynamic properties and lack of an integ-
rated model of the bearing and rotor prevents purely analytical
predictions of the susceptibility of the rotor to self-excited sub-
synchronous whirl. This whirl phenomenon is a common occurrence
during the development phase of rotor-foil bearing systems, espe-
cially when:

o Journals are closely spaced

0 Significant vibration inputs exist that could excite re-
sonant responses

o Large variations in temperature are present at the
bearings that cause significant changes in dimensions or
properties between various operating conditions.

If journal spacing can be reduced, the turbocharger is
shortened by the same amount and the engine installation is direct-
ly improved. 1In particular, externally induced vibration distin-
guishes turbocharger applications from the typical gas turbine
applications (for which most foil bearing development has been
done). Changes in power settings and altitude in aircraft applica-
tions cause heat input and cooling air-flow differences that signi-
ficantly change bearing temperatures.

Several companies in the industry are devoting significant
effort to improving their analytical performance prediction capabi-
lities for air bearings. These efforts are expected to assist in
development of optimized applications of air bearings in advanced
turbochargers.

5.2.3.2 Ceramics

Ceramic materials will contribute greatly to the success of
air bearings in turbochargers. Their light weight and low thermal
conductivity will reduce bearing loads and bearing temperatures,
significantly easing the demand for advancements in bearing tech-
nology. The light weight of a ceramic turbine wheel also allows
substantial weight reduction in the housings and structure that
must contain the products of any wheel burst. The reduction of
inertia improves transient response of the turbocharger; however,
this advantage is less important in general-aviation aircraft than
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the direct weight saving in the turbocharger and mounting struc-~
tures.

Current ceramic development programs have demonstrated ade-
quate short-term behavior of ceramic materials in radial aero-
dynamic wheels. However, the scope of current programs does not
include establishing long-term behavior characteristics of these
materials. The results to date of these programs have shown the
need to improve the reliability and reproducibility of ceramic com-
positions. Knowledge of the 1long-term material behavior and
improved reliability is required to permit confident design of
rotating components. The ceramics initiative being pursued by NASA
and DOE recognizes the importance of long-~term properties charac-
terization and reliability design techniques, but will not address
these aspects until the late 1980's. This scheduling will delay
availability of the technology advances demanded by the general-
aviation market.

A program should be initiated to determine the mechanical
properties (including long-term behavior) of currently available
sintered silicon-nitride ceramics. The results of these test bar
evaluations would be compared with the results obtained during
testing of actual ceramic rotors. A statistically iterative exper-
imental procedure would be used to identify and reduce the varia-
bility in materials and processing, thus improving the reliability
of the ceramic rotor. This data would specifically benefit the
highly advanced technology engine programs within appropriate
schedule requirements. More advanced materials that will emerge
from the Ceramics Initiative will provide the increased temperature
capabilities necessary for turbochargers used on engines having
reduced cooling.

5.2.3.3 Variable Geometry

Use of variable geometry in the turbine nozzles will provide
the engine designer with control over the fuel/air ratio in the
engine. It also allows each operating condition to benefit from
turbomachinery operation closer to optimum. For four-stroke cycle
engines the benefits lie principally in controlling peak firing
pressure and thermal load on the engine. For two-stroke cycle
engines, scavenging pressures are improved and combustion effi-
ciencies increased significantly. Optimization of variable geom-
etry requires iteration of the turbine wheel design with nozzle
vane shape, location, motion, and engine and turbomachinery inter-
actions, including scheduling or active optimization of turbine
nozzle position, fuel input, and such variables as fuel injection
or valve timing. No programs addressing technology of variable-
geometry optimization for turbocharged engines are known to exist.
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A program should be initiated to investigate interaction of
variable-geometry control with controllable functions on the ad-
vanced technology engines. The program should provide for alter-
nate turbine designs; nozzle vanes and motion; aerodynamic analysis
of overall turbine performance; and simulation and confirmation
tests of turbine performance on the engines.
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6.0 CONCLUSIONS AND RECOMMENDATIONS

Use of turbochargers 1is necessary in advanced technology
engine development programs. In this vein, careful integration of
the turbocharger into each overall system must be accomplished.
Turbocharger development must lead or, at worst, pace that of the
engine in order to assure optimal system performance capability.

Turbocharger technology improvements can be developed and will
continue to draw on gas turbine technology as it advances. The
transfer of this technology will be motivated by the economic in-
centives tied to fuel prices, aircraft utilization, and market
penetration of the advanced engines.

Additional component technology demonstrations are required
before the advanced turbocharger can be committed to production
development. These include compressor and turbine aerodynamics,
advanced turbine materials, foil bearing dynamics and durability,
and lightweight structural acoustics and containment capability.

A large family of turbochargers is needed that will encompass
a range of flow capacities and pressure ratios that can meet the
diverse engine requirements for general-aviation aircraft. The de-
sirable features of the ATDS are equally needed in nonaircraft ap-
plications, and the magnitude of this total market places great im-
portance on the acquisition of these technologies. The evaluation
of the schedules for engine and turbocharger development indicates
that component technology demonstration programs should be ini-
tiated as soon as possible.

Turbocharger demonstration programs should be initiated that
support the engine technology demonstrators. Turbocharger design
and development should be carried out concurrently--and actually
integrated--with development of the engines for which they are in-
tended.

Many of the turbocharger markets are characterized by price-
quantity relationships that place great importance on volume pro-
duction at the lowest possible cost. As a result, processes must
be used that do not have a development base in the gas turbine in-
dustry. The risks involved in advanced process development make it
difficult for any one company engaged in turbocharger production to
justify the total development effort needed for an advanced turbo-
charger design. Government sponsorship of the initial component
technology demonstration program will provide the impetus needed
for the turbocharger industry to undertake further development of
advanced turbocharger designs.

The relationships of the necessary program components were

shown in Figure 60. Once the enabling technology is made avail-
able, the producibility of engine and turbocharger designs will be
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realistically evaluated by the industries involved. Provision of
information for this evaluation is the key activity by which NASA
can effectively support the nation's aircraft industry.
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APPENDIX I

CESSNA-PAWNEE SENSITIVITY STUDIES

{57 Pages)
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ATDS Airplane Sensitivity Charts

(Single Engine Airplane)

ORDINATE

Takeoff Distance

Maximum Takeoff Weight
Rate of Climb at Sea Level
Rate of Climb at 25,000 Ft
Minimum Weight Required
BEW

Cruise Speed at 25,000 Ft
Range

Minimum Weight Required
BEW

Range

Maximum TOGW

Takeoff Distance

Rate of Climb at Sea Level
Rate of Climb at 25,000 Ft
Cruise Speed at 25,000 Ft
Minimum Weight Required
BEW '

Takeoff Distance

Rate of Climb at Sea Level
Rate of Climb at 25,000 Ft
Cruise Speed at 25,000 Ft
Stall Speed

Block Fuel

Block Fuel

Block Fuel

Direct Operating Costs

Versus
Versus
Versus
Versus
Versus
Versus
Versus
Versus
Versus
Versus
versus
Versus
Versus
Versus
Versus
Versus
Versus
Versus
Versus
Versus
Versus
Versus
Versus
Versus

Versus
Versus

Versus

ABSCISSA

Brake Horsepower

Brake Horsepower

Brake Horsepower

Brake Horsepower

Brake Horsepower

Brake Horsepower

Brake Horsepower

Brake Horsepower

Specific Fuel Consumption
Specific Fuel Consumption
Specific Fuel Consumption
AEngine Weight

ADrag

ADrag

ADrag

ADrag

ADrag

ADrag

TOGW

TOGW

TOGW

TOGW

TOGW

Specific Fuel Consumption
AEngine Weight

ADragq

AEngine Weight

119



. , petds
; SHI T I H I
" RS Iy 23T 08 B8 ol 3 “L.Aa_ 2ol
- ' TV 71T aﬂ [ y eyt ENaR fndl ' T
. YT FTL T T T i A AT
- ISR SRS FEAS by} phe it N : < 1 LARS 1y cify .ﬁ. L,_ 1 ARREE M !
I T Lo ...._..1 Jm 1 L0 v e T AT }1. T t il
o0 g e N AR LRRS ! iz sRtt BRI EAM R ba : : Tt
RN S . - T 1 99 11 tris v P
L2t N2 pep L e TR I L Fed b bes S e el ey
IR DR R N M g REnganE H e THTr e B 3hp jeasznnicapiets Raniifdnnt £ ingsy
hpns sanal A 1> A4 R SR ety Ehi TR nagkaydbebnl ppas H uaatids 9§28, A3FREEaB82] 30 JRRRD
RS 2 - 1 IERRES - uE SaNGRRgsasSeRaasngRl . Res A 244 Anka H AT Ly Subabypul tiys
ki3 0ndiie v out r G jaig 2 LT i} - s 1 shagitadyfagnantive Aot EERS0
R .- Hy e iy - . TH LT FHEHIHHER sgay HHH 1 HHE : ¥
i “.; 1t T t ™1t T ¥ aigaliddsiada Sgan I T U088 HHTH 1&4.._"A1.:
. = IRE B bt 9 vt L3314 1T 1 1 SoRal
. - 14 1 o t=t-r r{- - » tt
i 2"y 1 AR aasiany 5 T
Qi1 4 Harhrn i ; aasalatats 1 afaziii-cas 23 e
: i i B FH - e 1 T R TR 1 a4 ks P
T - Bl HamEn L nipETHEH A TTHE T T e Ht
A - la g [4 RERRE m_ 1 = - A 11 HH 1 mTl - F M 1
. 20 (e SR . ul.* ! .wu A.MML' v_T R2RE3R3s aaas it nougdfognbanndfdldpRnnnnas I H T x.w,w I eyl :
T e 1y CHEG P ke HH T H = {5
Dipy g3 Hiy ot gL TR T TR AN sfgsesied
o, ~ . S AR ERay st e L ganhds T TH P EHH EusalandiaRidsche iy
pa"C b R SRR T [ r yaudl kel Hiii 43443+ . . nggaan ] H H .41 i
- Il SRS G404 NN trre (IR el s ERas sQpEREsRSE nBRAEsAua Ht sgn HIH 84 FHFHEA 1 b
.rn‘ﬁ.ww., St RURATY AAAN] s = 1 HH HRTBH pogas TA HIHH 113 a5 n#,xn‘mh ris “
B i o R 132 1T yRagpagadinn gases 11 ¢t 1] 1 g BY i3 R R4l A
T et SR N N id 44 J I3 R r S s
: P IRSRE BRI AR oty [ Ebalidnsbalontan & | 33 sgugEsgd 1 o
ufun dgfue -
(85 9 TSSrRN SRaug DU E SIS S A - b RS b s hiedsuphdynduges H T ns g8 gum 31 §ne
HLWY. sl «.m iy h..mmm o) ~+F 3 AT (] ~{rt re3saass unsgigngsenty ey T HEL r o H
7 R 0 $E588 LAl H B A R T = paspiieadphagagainle) fdstagsonys EanndsidsasiloaRAssates bhi
u,n..H}mtlu.;:wuw.:. R B 1§t B RHEE A TR R P HT qfasis s . :
N N & 225 w bl B4 T TR ~.,hn, 1 puseg e Kan 1 117 H aiz
T - s LX) - LI abai
" Py “re ; el N . 1 sagh R PARERRSS H T
ST e g 2 @R TR HT HHHH : EEIEAtEEH 1=
- radst ST QL SRssguanagnaps s - an Rsesl] FHHH 1] Hidelis W
= 11 S anne st o AT N ii3E e . H- aaupSughan H ‘1. 1 Spsapmyas payy R T HR -+ F Y
B ARG —SREUE AN]SR A S ey e [T ; T HHHOH HHH HHH 1 sundBlie ite
u: D «.qq. A R -+ bt dH Rt 14 S P H HH {4 xvﬁvT.Ul;l.“Ln TUHHAT 1.1 ..T.ﬁj;
T Tt . JI« 4 Lc“y H -+ ARSYEN sSdnda " SRuay | T _
T N . N . - 4 -+ I 488 - adlinh &
P U} 50 SER G I N : A 1333
- 1T -
i3 € § b RN R Tt ] 11 und HE T L H ‘mu\wni ..ﬂJ'.L
MR S TR ARE AR T1 58 ¢hd [ e R8aakas s shufonns dhulRabnd akil
ool PO S Pt 13 54 401 § 4 "~ 3 aue T ﬁ §
RS rtEY-tn - i ity
J38 8 S Wt | 2z T t agagegas] 4
st A4 N5 : T
TTebbll, T S M 8% REp g RERGawE L{
1 - by .o - N I i L
T Sl on N iduNad n uRaEE e une SRRt hu bl S Eat
wolel : 19g0n HHTH T o = L3I 1382
£ v r o 4 It saleBiRahanduat } - HE et
;o m:\ TFATHEE e dljasaniatassatas s ntdsgBunyaid) SRS
“IT . SEmd iU Hr i PTITTT aRansel AR E
S SR §4¢ lr.wu.. [Risend =+ TR+ H tR .4nl fal 4 B4
-1 PAAE DERNRE B S8 gy § s T VNA: ARg RN UEAUSSREER RS Bigin e LTy ﬂ:
! . .ruw oo~ -1 T ! 1 T 1] Rshdidsnnans Frd4 | A Balsgend peep~ : s sdman
SRR N 302 SR 2R DR SRR SA R P AA & sndaeerriadl ngz=han .ﬂ.«.I%!-JH.drrl.‘. :
M I Ly n"m“ .ﬂ‘. b - 1 - TTtT - 'M.J.(Wl%||.1.lﬂ Ly
F ' oot e v T T g9 8ga iy .w. -3 TR TR AR vx.‘“irw”m ﬁ_ =
. - -+ T ) H 111 ] 1 IBS0RERAGR AR ARNEH 1y et R
i} R L BT R T A+ it T 2 SRR AL e
- T T Srprethr E S A feekdndaasn HH T
gl prrp RS e R A3 ..m....l.ﬁxr TR el W IR
t [IpESSszassrts n ﬁ.,,uﬁwmr Rl diBb ek niiiia: T _ r _ R R
el 1 Ry o i A JdRa 4 Badd ¢ Tt pugn S " + HA TR
e + inuggause andknis i , I HH TR AR 1L~ ' 1 1 paufigyid ti - Y =1
-~ rd 4 1] -4 v = [ 551 1 (4 T +H r K
Beiad i - iieins r s R Rt SRR st ERREERE AN R HGIRHI i tddis: TR i AN SRR
- T SHORTH S L ! o Esasiaaaa s ] v seasinsy FECRINE:
TR N ITHE e TR o . e T L 1 A | adnasiiiAIREEREN
bithg ot 4 EREES T sddihien — : Frye ; T oI . It IS
aum = +J:f Ho e W pragnssn. .h%ﬁ-;f Mx.ﬁ:.m.“ ”.TW.W. .,.1 «u”.m“ 144 +4 144 1T ? A SR N .w tei
" Frr Ht sk . ' i + - i atunb iy
BELIE 48220 ERR ERTLSp R 1Y aqac oot tacet 1l 47:. S TR PR
St ¢ B s SAREE 4 1 i T B 3 : ] 3eus guues g
Rl s ny g fudhd biads g [ TieT Ty e p 3T futh & Tl X ke TTHT
SRR L L T s i ﬁt.m,w L Bl
gedel covny AIRIN Bigay Salad by : I TR DINTT T3 SeR aRSggogng aunasEpaaNERRSS ...‘%Ti, aRERRRd 4+
hodak hudut i pads W.ih:. .ﬁ, R ﬁLT m..ﬂh:“ IW I __ L.. i .ur T FHET r,T TR _“
[SERES Rl bl + Tt REde udedsfsatadaphi SEEdn ki 4l 711 i 1 b by i l‘. -
T ST FElT grreprrel ..ﬁw L i -t 1 T jas i
AT Teirnn H JLAnﬂilmﬂi i = A PR Mhas, hatd i3 0aiadedppl il ndush ptn i Ay HJLL.Y« et Ik
3 g San o lag FANE =g THE L fanetssaadscliakiedag siiast] ﬁ? T ;ﬁ.j g yasssnsaiy axungs: _:4_
el L8 gy Mot 2 + oy ribrrbels "1 aBSRRdi e
T HT e o T R
1 t 13 t R 1
- . . v, -+ +44-
IS : . .
- - . -
o

120



 ——y
s s pes
...3[-“.*:4 i.u—
S
I ROFEH
T g | e
PR e
i .
SNl adid
has 3-3 4 f-t -
[ P DY PV
[Onl s as ke
POSUS pa e S OIS
RQER norey PESe
PP S ADREE P
LIy
RNy
._,.3.. —ar ] .
REARS bE B 3
PP S i1
yafes ot H
PPN & RErNE DM
PR 54 500 ot
-3 = oy
T i is
S 11.1 1,
=52 _,:‘*D'; ;1
RS § § By 173
——ded }-u’-f i3l
terprriee
LRSS DOGIY 0SB &
[ Siaiol s 1 s o
RSP DS o
E Bl Fade: S
[0 & SR DE PRbiry 50 My pSa
Spio: Sapi (i "
[ s SIS AN 8 et
s S St I
T
—— -+ - s i1
LD 4] o3 oas!
OIS o Dh rRse —
S RSaEa By 288
[N SR04 84 1
ryodoeday i ~3.: - + Li
PROSSE o0 i - 1
47901 : ‘
: T
3 Ly /&% - 1Y - =t Hiitr T +11 1Y + 44
»f 1 bl Fim1 IHEN B I SN oY S L EOuS i b 3 1 "
LI} I & ol : a1 1 | 1 ) b IR 1
oe: L3 — 5 ) 081 basuau A 1 191 4 O NS
e . + 14 H B D PY DTN P
ER e B0 1 L T 18 RSN AS MDA HRESE RSN RS K T T ol A iT1T
ISRERANSS T D Ihag sl RN BB LSS B ENE] T 11 g el 1 17T
1 i1 ot i 18 MU NS S RS TEE RRS NG FHANS §1 s } T 1337 10 BB 84 a1 S1ra
S 444 + -y + T4 144+ " o + T 11+
IS " T T T r
s ans 1T 1 Tn 3T 150 T T 1 I8 96 APESE BE SN ren
| Bpuasavs e RRENS N EL BEUS SRBSSRENE| I8 a1 1 T 8¢ ugnent +
wii . 7 T 1 3 14 1 - 100 DOGhS saale
——— 2! g an T P Pty : 1‘ <+
L... + -4 + " N f } -——
. — 1= e Snasam + ; —-
Sl i B e £ e
ps T3 g T T T IR D
Log SRR RS ) pos . T 8 B T 1 LT ol
e Ea ks sdkastaual b : + H T +t 11 i a Ennas Aoas:
[ ] 44 oq-Rr T 3 1 AWS —— had
pony i e ui a1 s T 1 Y T
BSpAs sgina asl + T 1T 3 : ) : 11 N R
FR0a IR hun FRRSRNGED: pumna: 1 1 T v
3 % 5 00 00 DU
’*‘:"" * h‘ 12 ot T u e 1 0 BRess bl
= -4+ -4+
e 11t Eins FRoRE BUREs -y —r + : T T
-.-IP ppa BNEEDN SRt N : . — s r 1 S+ F15 IR BB
e DAY LES 0 ami bosl H T RSN L? FuRY 1T 3 T
-+ 4 e 184
S 5 e e e e B ST
= Mm panes b 15 DSOS ADSE S SREGA SRENN L3 BUN 8 1B 18 g 18 ABSES B4
++ 1 + T T 1 T
P o oy T " = 1 ; "
] " 2 re T re T
poogind BES B W3 - inart : 11 " 18 B3 T T 1
S| e ‘1,1" 1] L Sp et 3 A} 1773 10 BENS | ) RS S bl SO
v ] j3 PROES SOESE S5 s 4 T i T 108 B8 T
I ran S ouiy Bl DES i D SRR | T 3 FA.8 Bt ne nadesl
ol PRGN S S S B L4 T 1 18 By PPN Tt o
pot opua 1 feuie bl s 1 11 Ty : 18 1 e S WS e Gl
1 Sns 5 T YO | LS DEhe 1 : T e By b kS
B 1 " - 3 37 3173 T d :
v o " [y u ~ - e A IO ooy -3l
: T u IR O ABNES 801 B8 B0 W 1 T : oy 3 T T
1 T T 7 PSS 008 RERES Al M 1 98 64 rt ) SEHRE SPHES PR B2} T 1 e
- S iy e LS I ANB Y B T T 8y o 3 fone: A8 "
1 +
| 1 b LI ¢ 3 T ) T T "}"'"
[ T3] T t T + @ B +
rt T I3 ASAGS N T T :
T T 3 1 T T T i
T 18T 1 T 19881 T @ )
b i e L1l .
e L } Hotr
T 3
R b 1 :0 BSOS | 1
ARS B8 o : be 3 T
RE Un} ¥ T 1 ? ress e I T T
[ LR BB T 12 Ins 158048 9 81 18 SDET B & 51 T 3
1 T 1 T vl + it NOASE BE A} 1 1
Trale 1 IDRRE B S 1 T 1 T 1 1
1 -+ t T
- §- - -F - " 1 »y 13 T o
o i { Lnfud o3 T T L B0 SREEN ALF S8 U1 T 1 e T IBRYELANSE SERES ASK]
)y 14 " B8 13 I M 14 n ) T 1 M e L M B T
1 7 185 DRAUY PEENE RSN T LE0 1§ B 181 18 R RN T 1 o
37 ? 1} S8 T ;) T InanS 1 384 1 I ks
T 4=t - + +r - -
[Ty 4 1 t ity n + Tt + 1 rer ey —
THI0T MKt RERRS 8] e SR haa vt 188 8] T 188 8 1 T IR NS AOE DN E5E81 b sy
s t 3 T t -~
! 3 i papsaa; B [ELSS Suw o fas T 3 1 + 1 T INVRE SR ENT SaN :
e T P A : IDERE pRS! - i -
) 1 e ERENF 4 ul Tt T 4.
T ¥ 15 = T 1 it T r e sas 18 " 3 ol
M 1 + 1 } 81 rt 3 1 ® 84 ’e N BARRS SSE1 1 hgt g
: 1 L H T +
1 ¥ T . T b e .4 T T
T 1 ;1 1881 T 11 as S SENEa 3 1 Aaa
T 1 ARS | ) ™ T T T
T b 1BV S4B 1 1 1 198 & Trr
M b4 ) 4 13 - b e 3 ¥ 1 T
+ , * ~+ 1 T —rry
: 3 1 1 T 1T 1 13 T b T 117
T 17 ANRBANES 4 SUAS] 1 T PEES SA RN A B INSEe AR L I
rt AN BREN b4 Z-11 1 1 1 Tt
bR &G e ) ’ S0E B R Y T I haay
e B} —— BED DO T T ] Y In -
3 e &1 1%’ ARl EREREEBRRA L 58] r 1 r 1O B SN B 8] T LD Rpw el
¥ 1 i T i 3 IDGS ANR RS &1 % A8 eR M % AT =
: 3 T T ’e LS SUS A1 13 13 T T fndt
e a1 I : IR b M — Y T 1> <+
rms 1. 13 1 n IB8 B b PSSO Sy
¥ IR S ERBRI ., PR N e RS s = 1
3o T 301 it 18 B : lue el
IENOE PR 1 11 1T D BBa 1 Hrrt pal
1 : 1 T 38 e S B ) 8 T
T Y T v 1+ T 13t r
+ + 2t 4t~ + aE o + i+ s anl o e
T+ 1++ DG B 1+ ¥ it +rret 1 b we!
yogns TrT M 14
=i +
- *
T 1 T T 1t T
1T 1T 3 t
oy 1 1 el !
it T
DS 4 3 B com o e + ~if
nled 3 Lg 11 ok 3 PR D Lo 351
[ b s + 4+ r'f4~"“-~—* rr gt ies ]Ll
T
—t - rivd A e i 2 13




.
2hid AETRESERLRRES SRR
o v T HH f:i: il ~ “,MT. T.;
_ et b 1 il SEER ML ST R EA R EETER
. \ o 4 v% e e 1 131 4 T :
ey hre R ot . ot W13 L 13l Sanmy p -4 L. t1ett - 1
. BRI : st ST T T
Snist ; v THE HITHETHT by 1T Seps tassyassspon
0 A o 4 P 8 SITEAMEIINNIL . HHATH CHEER S T
K e ! : . ] - [ 4 upy
yas v B i L T 3 m AENE NS 11114 1
A1 JUUE NN Y INSAEI LT -t TR A R =
b SN LI e AN ssaaisass ki ditand T HIH A R .ﬁwm;f
Taib o o ' 1 - ' & akdsindlblsn T Sdteh 1+ +trdt iy
T [ mhoat " 44 T 1IN P T f + m} k e . HHHLE PR nngag g
T Y v Y R REAEN AR VANE 1 L 4311 bedtd D A Fafrke
e _ .ﬁ S RN 1543 g . 3 2 T T st 1 et Rit e Latis
- I — i aaN r p {64+ ¢ 14 - aas 1
Free - ~4 v " [ S : me L.m...” THHA ond LNt { ﬁ asddades enaggnen H alus fouglsd ?.“..nﬂ.‘wm wm
S R LRt TS A TRSaqREa R R0 et - - 3383 Spesappassis HHEH R VR TR T RS T
- M + I NSE 28} jRSge I1TH - 1 o) S a 'ALII 111 1T
= Rease “M:,:Aw ] .I.uu yudfgds - i H I AL i3 01 ﬁ%,
‘ 7 ) W A askdh. tehalsls asdataaises 58 $afe fole!
‘<, e byts N L“H i 1 + wd— % - “_ T1I1LE — : . 2% " I 1Bt lnd S Fad:
in agu =2 x,wn WHM Lo, (Y “—mmm wumlgxh.r 1 m u “L TINL Fl4i ks 3 H - M« 't
. - dt - -4 - - 1 [T ] - Fee
e T nhaEmitiig Yy C TRTARITEHH T Snayins Sigi=Rs
s ..T _ﬂm: _A< 1144 O3 i uSgy! «w . T habudun BN =" 1N
: i ictes BRI REH st iass: b E N ER T o Hivali
I ﬁ.? WL -ty L3 {411 }L' ]
: P iy 1] ! ! ' \ P lteoes
-l Tis R e Sy TS GEH ot as T jpese
ey ot . i1 11510 R« TRSEE] MY 3] ons X! a 8 sy H stthet T b
P 4 L1y T 14 sobaHiIH R t il o .L ot
- = Sty el m_”u« g 2, ..r~ . PR THTS B Eesgacaljant Ans Tt I
-~ H Tyt b 4 + +H 111+ 1y i
- R R Tl e AR T H T SERESRRSER RELRY ; ITCHT
Ft I st I g fR0ne IR s NRNREA bulle 1 s = 4 !
O I 1 et a3t A AL ane - I H ) ) i
. .T Jr iy et e + sulgs by Il 1 X ++t1 4
[ 2o T L T T SS T H TR 1 sadgddin giphygaat 1 b 1 A
s agpeis St 418sadstat : spapsagesss T 38 1 i
.DW.A L 1 X.LAU | vy fiiasint agpu 111 . rt yhialshs AN }
1. S SRS Lyttt a3 THT 1HHL AHg susdinhibnpnsaphd augs ags
T (EEE NN ¥B M ~, Vi [RpAS RS 44+ 14 44 4 +4+4-4 14 i
1 : e ek bpt . Ly > [ fE T mafugas o suba Il B¢ i
by I rectifed - N G2 e agusugasyanan i FHEHT ¢ T
M ' _ o1 } ¥ . T PR &4 {13 T T - n .
§3 Sperid s SR R ««MH ﬂwm“‘ C R B ere R e e : sapazgans & H o
B 7 MMt 832 2 BT T R T 3
T L A . L 7 a TH i -4
S R B e - 4 B i S N e R
- syt g B 1 : r '1 113 TvA ¢ HH I r Ty
) i < 14 11 m 11 1. T 1) - Rahud @ THT am - 1t
Mreiiiey S R ;,ﬁﬁl H HHH 3 1 HH sppass iHilk
SRR piaes nid Saly et b4 - . sesggan H N Lr, sEpptSaani ARARNARN t
IRV e T b H T I HaH 233 -+
T ey iUk ¢ s «7‘@.;1 . 1HE A a h r hlugus Apmud funE xﬁ -
Hﬁ P 2% AT LY DUNIN FRONE o [g8qg S50 e dagunegdbad 4 Sh=giaies sisnl
! . e o RN ; ' SEspunqusaggspgansunay a i 115
hey i ! . T ad Sadespdiny . 1 fiths-
- it R R R P At F < L A o B s e B HE ? A e 1Y SRR CRS KRS
ST EEas Sl LR MY " itH b ,Tm?nw T sagsasszasspgrispayves sanssasdnt w TR
- g oo LI 3 198 P I 41 1 RS R pugnyl
_.,rr..‘.w“.r T T .KMMJ.M e T TTH I HH %ﬂ
el ! HRA s - ++ " foo g - v
s e PR AN Fey; e s e HH HHHT H Tt
'3 K] * + 4 - t+ o i s
T St I LA 1 dicec 2tk Hisng qacss Masiatt sadasiasts t aan
RS R AT Y P gyoigdan Y 1 H ! -
o 4 e e R e e T T 1 ~ } aslementne
SaBas s it T P H R ugas o - 1
3 s sl TS e Eeintate asstsdaseaatnansesibect TR : T,
H e PR T TR R paa 2 i I 1 3 Sadl
et 1 - - v - - $-4 »
=sbalagat : f.ﬁmnﬂﬂ ot R R R e R R TR R YR TS ases SRR
SR SN EE = e 8 st e H T T it dH s ] T e
s el MR IRERA s s 1R Agg hohgd aEngapiad e ; . . B astel 33
IR anlt S I R23 nowdesne. §2223) :w:i 1 it 3 iy n et
e .- _N«« T R IRats ind 1 1] IHETS T -1 r - +
ST E I IR g R A jpesipinasislatinafolvky- {28 - _
BaBaD Petud R <t :rf { i dng dfas + t KL.T [H !
oot o f e eerees T o ++ «.L-J RN r H "
HI= B T T ERE LRI AT 18 panysal M1t ;
sppits i h SRS L. - L [BEus KRN0 ] i+t - 11 v Tt T T wandoabil
gzt beci Edeychrss st AP Av Rt HEES ShaEsans pungya : il ot HH HE SasRRsEaN
AUrFN: T x* |- H jagquagd gt Il ] - 1t -1 - H3 = phessingpinniypafuly .rmwu.,
ML * w* gisafatcs aht-t.ddngl| : HIHET AT T . R e
iy 1 e Tt 1 % 5 [ H. t 1 Su iy H ~ T _
h T 235 :.VﬁﬂJ ttis T e 1 o W TH ™
o P TR R EN i
bt




. [ jos
Jery ' . ] L b * H 1 14 H - ,.ﬁ: :: .: D
U R BT Hov i t il {HRH{HE 1 H ,T i : LHE m_ i
el , T LR | ! L "o L 4 i : atses
1 AR I} bhee iy - " ne 1 o W 1] H ﬂ; H r | wx L *1 :
' : RLIY v L : R H | nagdaghlga i
e HY Pi i HH [ HH : L sHiibeil
oy RS ayws: T AT THH 3 588 T § T THT] B ..W, m.x«
SRR L i L el
L:, <1 e rig 11t dinning - = pe 25 NAJ
LIRS MR : R 232 g9 r a8a 132 T FEEH L ™ ﬁ
e ETRN EETTE NS T 131! Hit T+ H H HHH TH HH sapdzads eily MaE
cHTE e ol e b 1 H Rasgpignds : e il
. + - 1] rH - Ha H
Lo ...ﬁ LR ] FEHITH fisist
hedd hudt 48488704 b HH ] L i
R Kann] ': L H 3 : & M.ﬂ“
A .u L " L » JLHT 1+ a irian
LRTE ' i ¥ L I 11+
eN T A - A L et : : :_
[R5 T v T o I " al Eu 11
a2 O QT - B R Aat] usis a !
”PH 14 . R. + ' STHF b L4 t "
T N Tt [ DRSS ] 13! » 3 2 :
+ i e 4 14 H HH :
S o R T e e ; .
- $. pe
: i, 1” e H = - b4+
I el Rk Hhig alinlts ML I BT <
- .“w. i t ..ww.uﬁ 3 ~V~ - HH ¢ 3 edbie i » ”
M . [ s : w —_.ﬁ_ B ™ agn sea .:.A memggune -\.n
; RF = s i isaas g gasanipratlainsataca 88 \ HH ] H assfon :
1S e 10, LR R rHHETHE 11 = sstfieisl
e, 1o e iylt .4 S déuafaaslissds mr Fasitiisesgiadnis =1
. o ] N P Tl ER ang 38 L -4 r t1 |
Ly ; 1, i ! nw anafggusd q¥a . ] HH "
.D .AJ.. '!«.N“V. nu“ln 1 T TR T 1 i ] i r ERfESIIsRaZCL .
T 13t .ﬂ L + T TH T ; - - : i .
- - ‘ I B ne a4 T -
o O Cf.l R1aliad susngdgh ail ) 1 : B Em
v {434 N - sSangs b 4 p i b - n '
o e I R Nl st g seab: & L X
i IERE LR v H R HEA HH HH HH % - L1 . '
- didad rpid HHIHHT ue s
IS 1T RS BN= PR PR L 5g o gegeen an M . :
! ! 14 v 1 1y 4 -4~ t~4 H -H !
B ﬁiiw T sjesdisans Fasdisis HHH i)
] itz an Ho L
A T E TR R TR
=TI H R RTE ngena 1] H e H w .
AR T R e 1 i 13 tHHEH. i :
E e R e S : 14 HN pfcosat A IRER
ST TR TR FTFH g THETHRIITT
i e aaglv e ettt d dqqqttasatin F L 2 : FHI
s L
v eeian) e R e T T T R 8 3 H : FEH N HH ; il
1.. - .fl...}. u.:v“ ..y (A4l ehnagyn T -+ J_cw...v. 4 -4 + { fa v ﬁ
aggage ISERe paTRYy E T Ingan r IT g s N v; il
o SR b gL T £ - i i _ i
Senes 4 o b B =1
I 1
e L _ * o HREtchy - 1 1]
cE = H IS A THEEE : M
SRR FEH T LT , : i HIRAF
+ 14+ “W. PEREN RN " » T H n_ H: ] .
T it] TN ININ HE i . safligat agBSRRRLSAR i
o T B e T 31 L P it : i L
titly |J25 retbrt L s rE £ rw. EHIEFETH I
aRak sugnginuylusndl Subis SRR satd ads asdgled is : FH fIHH L
drn.r 1 11 -4 - byt - .L 8 .ﬂ LLE1 ;ﬂ A
-t 1 AT R H T - is HH alyls a W
1l ! SRS ; 1 ikt lce ] § ! 1]
niad SRSAL TR -+ ESERNsaESeRARgaga pagnsgap s 1 - angananges il
TR A L 1 el AT
fror ﬂT.. al I “_._ a.m.ﬂ ; r.«r - H tL T T+ T seagge qm by 11 t .M
s bl paes s rifbor=f .....w. ittt T3t} 1= ﬁ mp
LR HETE mmwg i 5 F B T AR
by Bacitodreidits ik

L)

123



FR 4
T i NI nm
T fife i f IR HH titt T SsH HEsIES
ol s ".MT 3 i A 1E i .r,u, e il RGP
| . . , H L - PR g po: T 1281
1 . it 13k TR R HERth {Latynesat tasRaca st IRt  LAC R b naticite 64 :HM
0 o b HTH R L H e 33afatabhps aRsgifacs Ingusitils sall el VN i Bast HeS
™ . 1 H-HEs b 4+ 14 144 83 ¢ t+te t- -ty *. thore .w“w
. [ L t 4+ -1 -1 44+t HEE 4 1 3 1 ! *
A s ! HiHH HE HEHRHTHT H it R R JF.
KL ENE B = THE e : TR TR
[ . " jRas TS 1M1 e QN S3Esang KSR 7 .W.‘ 3tk ] w. 11 '4.. &4 vm
e . I 4] 1T L o L m ; l«.. P 1 }
b [ 3 ! + l.r M Jugsss -4+ = f i+ tt ..1 wl.w. ] t 1
1 T, pas o .m- .14WJ Y Janasssensdany aus ReaE) hades: HEL T 1
I . ; AT
b eI L R HY TR THEUS o
i 1684 o BRESK ARt Ncddg i an ﬁn anghs . t [inandd s 8y (11 +H
¥ [ S =8 1 s . e 2 iy ST
“ .V.M‘ H ﬁ 1 H e ju 1+ N..«l =+ [k m.__.....
e Il daspgSndunandadad 1 4 4 4 14 lu. 1 141 |- i
TUHT 1 - -1 1+ +H -4 4 -4 -4 3 -4 4 - el |54
i T e nagsgs SIRESRILY ot
- THIE H TEING FH T HH i J euagRsati fatedtaset It
LB R NG R HH R HEH alalggiftsasan L dasii sags badhd b4a:
(] - jnas * Sans . .. A IJ.W -t . W.M mlﬁ M..
[ R G EE Raafisaciel andtypasuasiags HER T R
=% 3t 3 : H FEEL H t HTH fatqafassgasaliy 23 33532321 Ind
N e) S S e JSRRRRERz IRzt s B3dSs Jafqfies 1t siiiapatet m« J ! «Wn i
-+ - Boud 1 ¢ 11 F14- SRR E s L t+H H B4 ~ 11 3 ]
SN N EE0E R H S )3ta0) ] \ grin\ kst 5
I~ b HE H N T HHHH SEriisuspastizi VEARY rastinated BN~ 0
[ 1 v a4
- . oy . an ngpw . FHA 4441 b+ H r&vui
HEaR - U i A i siieidzaads, AR : §assRatsase] ot N
(Dt I @il HE ] B it ] H HH TR et B B
- . — g Sgeunn, P r - p THATHELTE 31 5]
- W s “H ity S TR N HHHHH T a it 1 g
. - {1} 0L H+ H - r 7 ' T
g = . - 1 283 TN BEgamnymzyamna T
e A =it v T H T H EF R b e e el
Lo+ - . - 1 Nm 4 444 L.'im
g S AN SaA T Inapt Hil . a9 wls %r
SShee ial W S - saf " fasgsatat B HHHE T agags 37 T eas!
-~ ot =323 T g H 11 b1 .u.w.n
14 i jope 2 = - L1 N aNNuy - (414 as - b4 tay
LWt S B e T R R N B T £ !
mrr -~ ml.] et Jh» Ras ]I rmv 1+ w%‘s. - V«
11 T =144 - - 144 14
ﬂfr—u = & i FHH -Jﬂfrmﬁ 4 asat
i nage sagysiggunue r r T e i+ H oF R835] ;133353000
ke TRt ER L H s AT H At HH : astd) N8 i HHE
2398 TJ RS »F— _nml. as 4 i “ -+ - F+ 14+ $4-t 41 ; 111 oot —t-4
iy ] 1L . o HH
AL T T & T HH H 1HE HH e TH
LT T —r— T T et T {1 g e L suy IS TR XW.J . 3
. - g - 4 4 -4+ 1 -4 4 4
bbb T HH saeedh Fiss
[igps Ly IIEESEpganggsady sdaa. ' » Be ay apugne sy I F THITE YT Y
T e e HH T 1 s : HiT HH H HHE T HHHE 1]
e L Y i e D TR THTFRIE LR HH LT THER T T HE LT T v
-+ P p FH HHirer =833 3 -~ i FHI 3 mga 3 u.“ Sty PRt § b4 ]
i el e e et . i e e i e
S E 1114 + 1 3 o age $ 34 4 + & T
jags: aw sesan ha R R
1ol T Re T s L s T aug sie el veRSRS3 SEaEs
sefung N pEpgengds fpydgdud, efuas 1] : greggs . " e S
ns=s 4 + H. 3% LE 23 ﬁ T o * ﬁ 4 H T 11 1 : 232288 HE ww «.w
dug T . ufRukadug ubage ' r ﬁ sfaskage o - N
. b 4 4 wj — ~ 4"_‘
3l P HT Y 3 : 7 T FHHHHE 3 33 Abat eI LENRIRRY
a8 Lbuns ! [ R i1r 11 o % ¥ I Hir { (SRR ERE S SRO0S 3 0441
_m.ﬂ.,.lm TH il HTHT T e HE ] il piithee HE

124



4 L SRS B Rd M

- S R IR AR N e

R st s 1 IARbaa i qendtatan fausaiiiat HERMTERENASE LA L seggaphuiagapapuyes suathssts o et
P RSN IR ..m. vt ] 47;' -} 1 ..mm iy m shggysengdany FH4 . o - T T3 3531

r..:. t HE¢ A oo :"w _ - T p 1Tt [ ninans gREny SRR Shg Rl «..«. rreo
RETI RIS ICET T I pI L THHRE THIHHE A e T
IR IS B I B fapa e ,wr_ : w HIEHH Siliisssasusalisdse T o s WEOPE SPARE OS] w1

S iy . e JHEEH B H dus slasnlashn i hd FLH TR e -t
ot ey ’ ! _.Am ids - 8 ]11..~ 1T «lwlﬂ T FH H .v.w H - aan huw: by h
o ; S “:L: Tm r” Ipf o Boing HiRdygipdn Sjangnguand gyans A SR SIRRR ] oot AN

. f . . M H poe " e I SRl REzagand e T T TELTLL 41y .

- e fer - e .m_mxml. ' J S qniagsay ﬂ*w T ..l.n.lvéﬂm H uuul‘ HIrh 13411 1L ﬁ.v b .M.v - Ww
M . N PSR .VM ney it R Sadsisdensids 1 H4+H - ! “ P
ORISR L R 0 g 2 i il HEHH R LR R e e L T e e i
) 13 TN 301 ST AN agnd b ygnask nydsdndanddansfsinndoguiepingnn - -1 - - =
Y M R AR L 1 : L : EEE R el i N RS

: ! v} T sttt it pica it lastiactteaqpntandasandaphs: $1a8 LR PR =p
} T T i 1T VA [H ] iqds HH T adfggdfgsuns - H- H v T
. [ 4 o -4 sdun RRASEN .y . .
‘m.a. HIpHTE dhldy Jaaspaepyngeanyye v T AT DL 1t

o SHETIHRTIRT S A T TR T . deitit 253 SRR

S H T..xy =1 4 7 - uggun. TR it -anvlh.rl.. .y v.vm.

i tA— o T T LR T L i TH A HH fagasgnangbennaya A Prypiecpiids

Z@. St -l TiH- ﬁ T H R AT H {3t mT: AP E R P HY Nt mrﬁ T

e [ LYq~ 41 F L. A Y pasa . 51 - . "y

e - HIRHTHTHE R GH sadphindidandpn ynany I Ryeil iy [ S S

s —t if T e e a8 :...nw.w« 1t H O ER R THTTH REREIFEL

+ — ﬁ Sguflufeughegiaia pagsgaedyy bidey rHH TR T

23R UE my: 3 bt Wy 1 HHRTHHT T THEHH HHI

o F 4+ selde . denfytinesifindad 4] 4 L IRERRRE

A T T L T R T TR TR siglsifgantiagidibihst P

Gy @ 3l il : LI

o - 4 V.L k- A le Banasy iy 4n~.. u- t

- - .h..ylnLL_ L < 1 H o 7& [ 1§ el by

n - oy T +1 -} g B3 i EEE

=S i = i HHTHIHT TN T ic (RN

SaSri-fx i : THEETH T akais paistea] RISYRED <N

s L 8 7e By o a : : TR

i andtunadnsnsusnadisanat thuse K8l

I} Sage sre g ~ REH T : T AT

T - : r 8 n H T dan L [nlos }

HIH vgum.v - O R F " T 1 H Hﬂ“

ik ™ =1 ul 1;-11 s P H mxuu -

=2 .xunm.: HHH A Sesgnan T 3 T AT HeR it
gy bt (= nuaufnsud Eodulnguns 1T T 1+ - + -
o= s RIGHTHE : THHEE BEfasastagattaari Sassatunny et Bigs

-~ Fei Lo b8t ) Ny UEEEERS SN HETH R+ b 4 ! LE3I1Lsl.

censats? VLS . jeganeaseaungna crH R R B e CHHHE Y rt :

el rﬂ ARG R R R g S HTH HH HAT I A PIN T T P R

- e S T TR $ ; 4
By iy S5stE 5 sovagnal, ainagqsy it ; NI ET

- t 1 uay ) 4 H " S T I 1

ST RS L e TR S3ta33ast Sleakn Uleasgadandanassats] INakyadiegy

e T T o H R HHH R H 0 ) TTITRE
F.YTﬁLLI..H .F T T =4 1 gt T }M... apnpanaenE - aud il T rm._ < -

. Eadndbsl ; THH T P : sus Frer b H B ; 3381

Rufils R i s B D B PR TR red o : )

ep b .n» Do G0 R gt 00 0. i m.l..'rfr 1T o -4 =t § ¢ T ERQanRN 413 L, «.«vv

o ! i d by indessalid it - 1o fe - T - v s gaE a io S5 Sl de

= WL L SafSEtEEalimnadastyshy T 4 i L I it

vy - L4444 - T+ o -4 - - 4 t
nuw... w..:“ Iﬁf r.wm..m. fr gunng nd Sal dul 1;«111 s HH A EHIH TN - M HHH sugugEas o w}nﬁ!vﬂ T «T »wmm “.w.%.m 3
R Ie3a% paganpnay ageon r ! HH-HH IR ndgibasaliagasals 14 rre ;

h«}H_m i haed S T HA14 54 m SHTrrin iy -W.{ R H Jluf:v r.qﬁTvnr HE T T HH rH, sl guak v "1, 13 SARLS fre :1 :.Hq
v MERE DRDE o RERES RES SR E LY 0 ] ST & . HHH TR I BT HE 23 ik 1585

jdiie B wiur Kl . .“ .“v A 2gesn ..m [ 1 “ W -t STTHE VI ' [ Lir . 1 ﬂ M T e P irr i re g _w.rw -e it

Lb Rl e L s T - I H i LR PSR FEH - O o

Iz 3] ICRS A SR ERES S E A SRR RCER: eyl JalacdRe, Vjaigcaal .- M R Smanans 7 -

AR R e B ERaN S g adiasiiessstsas el T Eek

S A e | . - $ At NERE. + T > r 3 [ S SE OGN abl S .

T o paney ey "o TN EN R TN LTI IN T THON 4 . Hef o F e LT O]
" HEEISaRs RIS b KM e PN PR : e s [t ¢ HHH T

SR FEEEY MR TR Eaga ﬁ fr bt op-t ...«JT et ~n‘.v.‘1.~ 1 ' mna ey SHIETT sELE2SELE o

R aisi RIS LRt KX IR AARTE RRCR! ! + apuge - + g [ H VK aRiubannl JRROES St
R R N AR s e gee!ity.n0 g3 siHfeteatit e
T PR Rt il ] R A R R ko R e e i

ceprte {esyis RgaguERg YN NRRES iRgsAsadgunnyhnindfnagd T 1 e r SN el

ordna pepen Stases s il la e R 4 ﬂ_ RIS 4..2 ALJ;“& HTHLEN m,r, ST iH it : S

T AR IR ST R FE DA A SR e s bR R Ry i +

et H“_.M _m. :u ’ .N“_ _'_ 11 -w L

L L)
r »
2 »

125



“ ‘
1 3 L]
] v ] o1 t i
. : : [
; TILICRRRSIE LN RY | gnas Hitid: H*NAalﬁ.
by i S R R I b M Lt e et s s e Ali s
SR SR IT! i M SICRRRLRERARTA TR e RTR e g rrts > . 3% B¢ 191
TR 1 ; - B SRS ne peang Ru N H w v 38530 ISE88 1 1 il
I i T IR EH EHIR :w i RN RRRSTTS 1 I Hi=Th - ST
S R et bt Ll BRI e R Hin ek S B
s d s 1 T T TRETTTTT . =T . 224 BRERER b
A I M i IR R R MBI R B R - HHH
' o) 3 y 'm + t { ...!ru. : m t o hm o v iyt H ; ¥ T
ey L . THT T T R S B e ropiit !
T T T = pa e AT e R sl i T i i
- o4 ﬁA.»» s s B E R T assiigrgdpals i L
. bald S bl [ - L Raas b s
- ey o A - . nga spssangys » b 11H0 pafl is H1 LA r
3! Ad_ ,u; f....h aas ey .w Shugfedn Yw. T " s SRl W 3 1 0 I I 3 me 1« 3 lxr_\u 4 i,
B ST I 1 ¢~D;nn.- THRETH M IRE5T SEA] . 97 gghsungRgs 13 1
ot = { oy ”1 M ! i - nangs e o
rc.l...mu.lqy u.. ' +iiH Iﬁx Anadigad tit ..x .l. | ! WWATﬁ.' r Tt 8 ﬁ‘fu\ 31 H i 1
) w o 441 - T HitH] dgddt i1
< .1 o HiH <l i Hriifin il H : i
b - - i sengen . an RRA t Ht
| B AY . e sgualng uig Sasgasus ne nand .w i say HH 15T
r L b4 (- b 34 a8 PR B S NG REE SN s
[ Z eyt BT e R it
N T EEE Lon Indugdisse T+ o rti 9 ug
. o - FH - auja L] T
SSoF oA G HHHL T b tgasfis
3 Fa fiv sbugfndd fann L HHH-
= m HRRTT TR 1 T
o RS A
TO BT TR HS AR BT HHH 1 i HH
,mth.mﬁ HE 3 ST qpagufdigsads A wde .
. - - 4 — :
= D I ﬂl ”y_ abufan - oy " 2fas i t .“ v.g"
b e : gas I T B o 12234 380 2%
o R s B, o = IO =g 11 vt sagpas ugfngasaghsfynunegnogs s n‘ sassatls . 1%»
- te h ot H -+ manggann L”Hl H T 9 ;- gha 311 w.wu 4_..‘. LE
¥ s ‘ T - N + gabsgunssnniihunsdinsaulyniles a3s b}
e _X P ganpl L r I ny asse H B
aed Bl . T Ll Ot LHTHETT po4 ¢y ry 144 HHH 41 + HrH L I ~1-
e Seiisagsscis J il gl
3 3 HE TR HH e
o ot g o Fan s au penyenugngns ’ H HH
it A& S ET E Hifopt o EH i HE e
T = = L HHHE I HEHHHE aRasatassise afubaudalind H T L T F
T2t o A n l.“, qfugngus L4 L t+ 1149 ] 1 HH 14 44 *
1-VT: N S B segn ﬁ.t 8 Span 111.07 1] ap8 s 3
T e B B e e T R e s e e et e e R o T
IV W s i : 2 T
. S - 2 HTHH A { 5 !
T WS ] o N R e + s3ssganges T
: 4 . seggan I =
“ S T tr HHHH =31z anger T 17
=+ o b RS 41 141 ot ] 4 hasnlsdgda r r NENERE N r IH.%.V. 1“
T i aduguni 4 HHA aze L R
N Aa! nOSHPEY RSN - Tt - .rm.w Tl M
. eep e e N ..: jaddn 13 t_l‘ " - 1] 1 B 1t L..u = .,vlr 4 1
T bla ~ Redell P up” glm xiﬂxx asgales uaalne hufsand e : 1 - ] m :
jppns e trigr 1F xm Hn. TS = LT
pamenid-auys ianpeppres 3 EResginaqganassas H H I : T -
it L R e e S i adeet B iill #
by ) g . u.: jd H T . - " . gugERAgNS [+ T ﬂ%.llhu 4
rettbr et M L}v riH Tt en] s . 1 :
7 Ll FHA s -
i : e il it
=issseats et o IS +H THITHFT IR  HHEE Hit Mt
33ath vrabe IRA PSR O T Sisdaiigal ! L ! i
[eaBLAdnE s dakal FREEEERES s - ane en aasl
+ Tt [ g & 1 I SR8 B - 2ad P »; nm.
SRR LTI I RO IS T sER G ] H i
HiHT - b Winwane ERESY i 4 aygas ad h asngd s
bdepbos t-p 14 .«, AR 1 - IA ® .H M . 3 I ﬁx
i T R 1IN T T T %;- ek aiaisaesEnl st bdaseslil 2383kies
sedrHaGE b e HEH s 1ide T r . nsoya: Spung: I
R e akubd e 1 -+ T e : T THHTT !
AT TR Za ONWY: HHEh R
L i E R AN Ltttk Hiacsty
{3 -1 s 4t 4 T T T Ly it H {4 ' g 34344 ~
i 'Y DU DR B AL ER SN 1 piguhaaiibuspnadfns jS38 1 BE RS 0 SN SREN
[T ‘%&Nw oigs . .r‘m Hr1an b d in mwt m * i ﬁ_. e H 4 gasfpi % T
rmlw a5 3 NN B S 5 = 112 L

126



T M RTP PEPYT pAFDR 9 24
1 (R0 RPPPS AL N H
4 -y K '
P N -
L TR
i
4 ¢ A
- e .
T [R224REp™ j
pyapgal
T, 7B R
s e
N et RERTE 2]
H jregft it
T
B pSikeangnl i
1%
T 12006 pARN Y PORES
' BRGNS B0 BEE Dl
.94 4 ~F -4
= TVIT
3, "
T
t Ing RSN RS
T 18 B
1 3
:
Y g
1 1 18 W1
1 1 L3 e B &
1T T 1 R8N
T re i 1
A ++ it
TR R TR PO DY - o— -
Sa%haA W S B W E e
o
NGINE | ATRPLANE
1+t Htotrn 1
e it r e T 18 81
s 14 ns 19 B
3 et
S ianasianstinaaiinil
I —
¥ -+
1 . 2o 1 HBYE SUpUh Bk pd BEag —
T i = A=
} HES t-u' 1 o :
I8 0E ba T3 : aree]
+ T+ 1
T N —
. v jues L QN SHREY RGBS
T 4 1581 b4 Ll D L et Tnies 1oone Masan
B 3 M P R R I gniy 310 WY
T ; 3 y oo [S5aiRR252 SERD S SSTRa bant o8
hans s 1 T 3 ok s g b R & pasna hada:
H ’a )| 1 1 " T 1T 1 T 108 §3 052 b DRSSkl Sad]
¥ 1 1 T+ 18 s LESES &
r T
3 4 441 “‘hx i 1+ T‘"}" EE GRS Foen g bonvs bk nie Thied
1 11 T T H LIS DS e P Do R ey
~ 1 18 NY A0S Fum ] 3 x 17T 1 I IRS B3 bop i 4 paan
- LIS § SR IPSS (I | 1 1 L4 3 i L 8 B8 BRRS] i & <
R, oy :ngﬁhg T , e e P ﬁ,._ T T 23 PeITR EERES IO o Ty
3 hay B8 5wty 64 1 S AN D0 S B8 P4 T .1 P s ps 1
1+ =1t i ! - ISRER NG -l 1 114 1 43 a8 i 851
1 =+ : T : boe ¢ t 3 rEnee 5 ; e 1
T 'aa B 113 1 1 ; Z S Y 4 I P
1 e ot u % B 1 T t 1S ERAEN B2 ) e Tt I B 8 B IR i 100 i1 : I phh SOB B
P AR Ney o 1 1 S R HHH i+ e e Eng s I 1 +§- =
I .__._’J‘ PONDA | + = +-rdy~d 1 P 4 Pl BADGS DRI > pes
t [ad A=ttt T 7 o T : 38 B 0 ADE 2 HOES BEEis ! T T
1 4. 3 1 B} " : Il
:_LY;J B et g i t 11 T 1 1 : R T+ T -
T T DS S, ! b : T : : + e B e — isay
T T T v
4 ﬁ z + 24 Bas )8 s t T s 04 } haba sonss N e perpetet
p : (gt } ! } 1 . Lo d [RRak pabms e -
1 1 1 T t + 14 hiad) B -+
B D 8 B8 7 e ' o ; I SPSGH Fue
I 3 1 T b T } IS08 ki ey kvanet
13 i g : 1 iy bt 147333 bug ooe ou
1 7. b 3 =t 1
T I
Y 1 LANES SETNE Senn
T 1 1 SasbEn T
1 1 T A a9 8y e
m ' 4 I8 881 10 B84 47+
r A T
I . T A S e
id 3 b i "
nwes: : 11 & 24 3T =SS BeE k]
- AP T T 1, 4 + } { : 4] 44 is
[n + H T + 1 1 o RRpERaRS saSIE SRR pas el Seran
pia: ra) a8 nET Y )1 TS X s hoan N
1] 1 1 1 NN R T T 1 :

; > > T T r} T T I e T T
b {‘4 . “'E juds 1T T raas 1 . 31 1 1 L = Ena oa ages
> + T 4 +r+1+ v s
'T‘t"‘]px.lw—: 57 42 8w $ 1 inana pow g R 1 v

IBES BT : : 3 + - i
| nmsaans, o 1 T 1 T T T T = 11 pare aey
M 1 4 FRi 4 Sy +d
SN ESREE SEESN A 1 1 )} T T 3 1 1 IRA BRI 18 §nkite )
t+ e KB an; H1i1 i RaBEEREa; Ins B u t at ine xpwns 265k Sygins baa s
+ - 7 ? T +
M 2 Pma 1 T 1
(1113 1353 1B I 113 L 4
) IR 1T 3 1 . L | T
I 188 B T
+ ' T m7 4 t 1 t
+ 1 LS Il 1]
1t 1T I T3
1 ST 1 173
T e 1 2
¢ taane e Y b o e
T sws 1 1 T SRS £ stel b B epios opea
s Al 3
T bt 334, T rni =
- + 1- T - =
} T _; 1 hges: 7 T b e — .,L-.‘.i-..;__-....’
L ; 3 }4 + Sk RVDY | iy —
T 1 + r Y puns
T [ L 5 4 L S I ol S it bhans e
: i I B EREos choay snovw
T : I8 S SEARE SHNSE B T =
b 11T y 1 R | -
T + T T T ™ 1
1 1 G e oy fe
1
al Htor v 4= 122
Y 158 99 BAGSS PN Rpeuyl
1 v it PpY pl add
1 NI 54N =
BOQ DRI Siling =
rr3i by 1 LG MM ity
> I ) QY
! SEGER RRGGA Mt e
B " gt - i D Shrthe
.2”‘ +- ———d e d o v - - ——
= &7 panme PN H e ad - s
By bt ool Foyte £ gplhenat s bt Iete L
+ P PG DRSS S D =~ o ¥ sefresefos -
» b3 Pods PPuel -ose) ek fhna nass il
PO 8 § (PR i Thardd {4 143 +-H4444 3 PRESE SRSPR DS guspiny
R T ¥ SN P 8 hBeyyinaks rE iy aves foal iRy Eias shaks Mgt foiet
oLt phad bhens e 3T pog e sanpg pERA s sivmrs o 555 OO0 SRS PRESS HIRSY Spaad
T
S - et 3 BT S 1Tl B3l h‘"‘ 2 Bl <1 . -
[ 3 e
b s 4
T T




Tiovedii3 i3 Joamiir = T 3 v LY "
M P . Cpead PR B S
,16 e A syt Ve :
T : \ i
1T
1,
M
LT
PR
:
21 7]
1
.
SRS SOt S
=
it
1
M
+
41*
pp e
iy 1
481 7
Tl ema v
r}” 1 il* NN RAN 1 % i 1]
i ; I~ T ) e ok B TR KRy NS DinarR
PRES ERuSA AP 0 T S0 N e [R 04 SONRE Spihlie sipnbe gilai
T : + 1 t T T NpaRRREN 8 !
T " T I Ty e I I e IR e o N
i s ane. : T 18 o 1T 1.1_: SERC oS RO ARRRE S RUAS
T 198 BENES B T3 T t 1 s ng DRy I g SR RS B,
i 1 1T : t 1550t nan: 1 :
3 $. ' Y
NS R DSy 9 T ISANE 0 1 IT + 13 1 10 B SRS QARG pht
A S B R B t i el i ¥ + T = ™ e 1 1 1§ RIS RIS BE A0 A9 D BHabe
: 1 e I By W88 Y T InuNE o 1 + 1 1 1 S BENSHEEOE B
8 6w T 1 1T T : 11 : s and
T : NIT rpes gl
SECTEREE Bl el RS S SIS ] T I e R e
-+ =iy A+ 1 t + 1 1 1 + + 1 441+ ] -
t HIW o 1 T ot gt T
i 313 o e m: L a n T v o sangy spua: . pre
i H i } 3 IS MR S
: 1 T T 13 Tﬁ“IlJ by 1 T T + Dol ik uh nikd iy
ISERYBEENN LA RNE &) T3 Jnpu] T ; T + 108 BORS S9N 100 UTOSE DOMEN DOMEE St
b — lu 1 1 : B B I 1 T ¥ T 1 LTS B il il
3 Py & ! I B! B IS D FRERa e
T aE0e Pame TR RN R : B T e 32 suRt }j 5 KRS0y Sxadl Bis !
oy ; " ” 1 : : + b 8 U S
+ t ISUEE BEDKE BOSSH W D SUPOn 65, Y Bgsan T T IPES FEBES NE S 5E DRGRS K BHUS SRS BN
3- 13-+ 1 3 + - v ¥ s tHd=33 + y
Tt :
H 1 L5 BARES B, T < =3 e e i o - gtemedd g~
H— T-112 - Tt SR8 NS BARS 1=
PRDN 7 g BRSSO RGNS SO
e .‘B'aa =3 rRct e s 58 sua awa iy s pha bebim s poth otk bu o
T 1 r r++ - +
[Ree.s pat : e e 284 IBRS PRURY A5 RAS PIaEe MEGEY PEGEE Qun P
Epaiganns neutt ShJhl ube seds! 3Tk aune somus sunts EOGN SAJRS po vy Soagd sl pan shgut miwal
B S e I e 3 : 1 7 - [REI j abared
t »s T ) 1 T T Tt T ™
- + e e D s & Iad rJI—< - 1B SRR R et Rt Sl
3775 pass ByRes H HHH §0Y soaa! 15 g L Py Sl SRS Ivnng WPy Sady
SPRen Miipnk MEAGE DRune ; Y pie PHAGS Ry
. H‘i:_,'l_. =77 ",._...¢-«.J {Ba #i - w——;—-‘\ I EaEasaal: - 13 L B R |-+ 10 I DGR Bavp
T T n e s T + T
T u " R o 1 T T 1T 1 15 DR B D Qi /ot o
Fil + 3“ frog Getase TI":J'% P TH Y Hh T R Bp Aee e hen -
! ! S o ; !
T e e T, =+ T e e T e e
= Tt 1 e T ISpE Ri
T L DENE SPDEE DOR + N 0] BB 81 Tt 1008 SE B S RE SN SN RN Iy SN
Pog e fuana sRss B 50 ABEEN puaRS Sou! 3 TN a B BaRE b ENe3 Regly Faih aawrid
et 4143 : ¥ Ia, NP 8 H4 ] PRI
+ T+ ! + r+ +{4+4 1 T )
IS PERES Su . T Y WEBD NSNS0 RERS pe
RIS AR Iy ums 1 i T 1 ¢ 11 1+t
11 RE 1 1 ¥ T 1 5] 137 1 —
13 + 1 T i T 10T SBNs S Qi
" &3 B 1 1 n) 1
1 1 T T T ' &1
1 T T
+ 1 4 B0 17 * NG 3 1 5% o B
sxan T 1313 16 s 1T N 1 ys oi o1
sex b 1 1T 11 e 1 i t 1
H ~ + T
H1 T 1 t u 1 rmet b Yos ut 1 jansaseas]
T B4 A8 t T ¥ T t 1T 1N 50N
+ e 91 1 1 Y T 1+t T
1 1 1 7 T Saay o T
T ey 31T
T T Rans nal 1T] T 1 ) TS 5 |
H 1 - H — —t 3 18 81 b v 1 3
+ t T H1h ¥ A kS Suses
3 18891 o a1 ¥ 1 T 1 ol
L todd bed LpE " 4 b it T . H 44 1 T 1T + - + + MNP TN 204
SED N MAM T T o t + 1 T T3 T
IR ES S0 0N I It T T 1 1 t + et
3 e 3aus 8u! 188 8!
: y + 4 t prn
A T1T T3 1T 3 T 313 T T
b1 T ] ; 1337 IJ] 3445 ; }T L; % } ¥ IS SaN &
; 1 + T
1 oe g8 YLJ 58 B8 1 sad=i aved
! i+ ! b - Y e
T 213 a0 N o1 1 . rad
n epe; T $ -t
t + v -
t = t 1 3 EE r
T 1nnsy denay
t T 1 ranal T
s e W
Y Y T - T
anas i : 1 T e ks s
S iEELAe o : 5 i
[ B 8¢ gt
T 1 T t +
I 1 33 T PSS SR
H i ppae
1 i I~ 2%
SEasSRyas rnaE s 8y oo
T 3 7 T
ek : S 8 frell bontat
REnE s 15 BRERS B T 1 haUh Syt
I8 SN BN Y t 3 T e =
— e ity 1 ¥ 1 ST +4
HH T RS asEpeastasaston: : EEa2s EEEF
? 154 M it b 4 A 1 s GRS Sl
1T Ho% DS 1 3 p53 pERPS N RS A ARG Ak g REE el T
[aepes swney pew Y [pu] sonpe e 1 =1
t - 1 141 v 4 poe
S e ERR audea sovos SapRt pasns pads s tobie
il I s/ ’5'4*"“.&_32 iL11 5"7“"&_ g 00g i sy pna S
e RIS B o [SIDO S P! - PG DN — 3 -]
L g & TATTIIIIIEILY jupes Esuk sypy) biilpe aow i e Sg g I
POt PP SAROP BREEY pRRNS jpue g ij
[S0us sophy paphs sngoy Be MEes toekl IR L
S x 1 . i T .

128



129

HHH
CTEFEE nags
.! I nyggusRagREn gpes 1T maqgn STHHE HT . 2K
et vt el HHTHR AT BT R MR T EH A i
SRR R P S R {11ty HE 118¢ H H
te o4 . ore . [ ER3! « M * EERRNASARE 44 ¢ (-4 Ht-Fet 34 411§ 114 agnnad as .Lﬁ
Ped oo -4 + nga TR sasheaizissiili NRENgal. & bagivy fildsfdaadiicae
N I R FEE N EERRRRRR oA RAD AT ol .m. HTEE ] HHITA HHEH TR HHR I asl ssdfiyie:
H H s L SRR 54 Rk THTHAHHTTES - ' 111 FITTT j
triye i i 14149 {1 ing u s . H sfsataiaiiisat
cie]e I8 &l -+ x TR 5 w (it d0aigsibas gslagaa nlid L1 -
T 5 IR R TR H B T HH R aeeiysts i
Vi 1 IR O LT HHRH LR HIHHHE g !
g 1t ] 8 S B8 bd Tt LQ HH -4 fgn suSpnani k41
T 130 IR HE FHHHBHPTT i { L P spigianalgisyaddapdinnassyatiigpaisacyy
= I I R R R A e Tt g g dsiaapfaciy : HHEHT
—— iy 3 .. - o L 44 1] =
S Y I «;uuﬂj,ﬁﬁﬁﬁ a8 M % Effdssdnandsashitasss y_l i idak Eyssasssnadatesgatentgugananunaasnsasaykais ot
' i RE SuSay A g o - < 1 H- LER
O oqnnp b eanRaanysaepanss AT - : aeee
o] N ‘HT J.' P 1. . 3 f-¢ o sandls unl‘ HH 41 1 dgudl 44 +1 1
yerq v RESE 158 54 Lt & 1.1 ] (Y] m it yufusnlRannn q 3 e
T N ..M..r .uer.ﬁTu%..ZM T v 1 i o aa T
- H s ; by - o B $- =4 oyt 1l 21 t
0F Al AR R RO £ TH TR i : PR
2T Ry LLT doth uﬁ - M. ﬂ‘. e H - T u'ﬁ EEgpang g ”, L H ..m*...
- o -1 o +HH - 11 $
R = I R R R T B i
: A L HE T L R R E “
chanis T e reaeesa Tl L Edtai s R HHHN TS 5 TR
. 1 T Fi1 ri H I HH 1 Rz diagh THRTLE a :
-Ir_“ﬂ :2. 1 4.vle..m J aSRiasiy EesatbiasaRanaken rT H ] T ' I i :
q.G... H & theifiy 1 1 | 4 4R - . r Ilnx 177 cE 1333318 BTN Fm
ety S BT 1R 338 o BB _Mamm THHHH geugiaafisSdahhigsspnd % Ir r.u - P HA TR HHETE :
g S QR e L R N T
M + 4 4 o e -+ E X .
B ~n: I3 R0 21Rs S 1T AN RY 22 SRAS O 1 g i HEHBIErH AT se - 1T LI
1....~1...Pwu:r St oA o R : 3 : i
e et A H t TR
s pargy p N T et sanpyya FHHHT
Rtk sl i i e E s R =58 HH
J..N i by ads .H.NH =8 - ~vl~l HHH r Tt T oK
=a R Tum?w..ﬁ.ﬁ Aok iias BEgiiiiis ,
- . -5+ -4 .
O T R R A 11 : Js
“ 1g® ¥ Y Tr pd -4 - 1T Koy 314 13
- . ' - 11 Z sply
-~ . -4 * ’ I
U S s R e ] 3e =
t g p DR B s 11 » .
— e N Tg - Lithiille 41| adiifdsy et LTHTH -
: | HMH*- ks _erﬁ\mﬂﬁ ARPYERARSdasadiaialss: + - SRfaney T ﬁ.: Sand 11 -t ] ; g 111 :
- T..nf 2333 R teld i aaT, b-f Hir 444 4 1ﬂ1 11 | A H .
N [aBae S u DA Rt R 4 53 ot <...+ A..L.uﬁ \:..,11 4y +4 ..L u( [ BRRS BAS
tur 5 [PREE RBREE sl Bl 1 < FRESH AR apsabs : S mwagn UN
=g =sspone: THE sagsss ] 1 :
=k |32 R e A = R e I Ry HH HA HT B i -1
ﬁ...ﬂllw.u‘. Helb G AN DO Bl § N G .Lvt‘vh.wll iau IANRYE 1 b+ 46 444 1 - -
ruifle LT I e e RS i G B G S e siinlEy
F i I R e s R e e e N itifiaiing
IEY FERN TR EER! 1 glsgypan + 15 5
...Fr M P t \TM._ t 4 1 3 o H 1111 Ly
4 S1RaRTytnddernanagangan FiT Tritit B ARA0d EBul 11t ny H
: { I R ,n.;hurﬂun”, pen AR T tH il
r.X.rT ot IV 11 R - amgaRensgasagEEyangnsan A 1T T
qua_ T ” 113 ARSI A. 111 H '+ W FEE e HER L HTH Vm.., +1 4§ HH T |}
.AW R22InAR H S xxdndgdh Bt oyaglygapngagsfpandagun R H AT o .
WLJ me..x, negRgabugngnisnfansansnoyed pudss i HAt o f FHEH I T L IJ H § 1
t an gy RguE B 41 T1 st 2k N [ HH |
o arRn P e m& LT I THAHMEIE IR FTHATHRFTFERT H HETTE T H\ i
1 wdunpesupNRgNy aREs mangpann T THH
gpanpa: a8 A1 RNl 5. o> nas
ot 1 jangs Ban Rge--S@ngan i H
Sagy e 1 saiae y - H
- o g - , FH Renan HH I ddaphnenns guegEpugh
L g gonn i 11 H T I ; ! T
rotlee HH L : am neegs " HH ST heaslan sub I
i iy er e ang yadasadngihg » b&l_.— ~ T+ 13. ) ﬂ‘ﬁ I nu -
RENGEI R i 4 i T FEEFHTTF
SERLELC LRI et ir ' TEErHI T Y LT T T T TR ,.-
ERRIERE SR IR RRERE RRECATASS T




f qebfoe e .:.¢1» L Vopbd g 4 '
< . . 1 -1 + - t 44 44 L
N R 13 He bt R e e T 2 AUTTHIH L PR T e D e
(34 S4B A v1r b } kR o onbdbtade b 19 -] 04 r . NSRS
' : A1} 34 TG HFHEH 1T dior Rty FRgeSnas HIHTEE TR MY O E HT 4L l.‘.xﬁw.o 111y I
T B T LR E e [THHTE T L L = = : .
. M 1 1 M ok o o2 AL -4 - 7 ¥
{ bl e i I il sydhdaghinda AT H T R R
_ ; : ! } peied Y HHHER : Behiisouialasaigsanatynkioibdiyantansilld
- et : H ggas R TR H R v+
R B N NN S IR HIH I HHHHEET 1 !
N O s ] [ THHBHRHTHTT 1
R RIS SIRII NN f H H H R agandhasentesdravdtiznnsiunstinndgynndednhiashods i
gy A pin B TR seeys H T HHEHA T e e e R r
Qs O R ] HH e iR r
AN Te RE2 RN T Hgdsn H H a8 o 48 H4 (T34 m..
5
vy g oL 134 nanng gn - r T . . S
LU0 1 Rﬁ 3 : ha TR H 0 s eagzyesesnsssan
v ettty IR ae s s§edisiqugyan KR E s n Easagns m
=+ v =+ 1- + 't 11 t - -
eyst bR R HT AR e iis 33
rrett Reatias s any - HA2S gplaky » ud Ruels g - >
Sl St gt lszagles JHH ] H H
et B T agpas 9 4 rt ne negadn T
“H_ : TN o cH add 1 S Endngiase HHTHA LT
il e o A R TR T HHE THE T
SS U DAL . S o V...nu & _ Speagadyyndghundn 3 §2hans
. & +1 Lindh ot ot an 1 -1+ +4 -+ 4t 1
-8 T Rl s o PR B § TR T T T e T
Lt (o 0 3 e TR e R THEH TR T HTE sealifests sgatactis ol
LS a1 e T R TR T R RS HTHT FHTHTHIRT
. . H 18 agsin ITIT 11 g L P L e 11 anaignd RN ARSRN g HNRY
1] S 14 ; gandlgiacaitcanasagys N : aslizalifaspdagufeaiatacyd iodsts
; = saih gniigh neud N tH+ HH IHH U R
T FRRE s tissisa ot gtest gt H i
1 oSy INgans HH N
; s a8
aad REe { i TR - I I 1
-1 - * » 9= I-I >+ - Lt
P2 i > aE P HHHEHH THHRET H FHAT
o= S HLE A R T T Sagdnnns H- si3sils
: 3t 2 H SSgaafunsnginaangagiiy hafRsstaddsdaonn L . g ga
. = < Tree H 11T L4 [ sae
SN By RN B M T 1 FHTHT :
.t - - Jo i b~ [ 341 . sasges
v Hatun pbuli .4v e ! Jw Hhssasduns HH T TROT g AR SN0
, azsagss shiffhedaqidipaageacs Nagandgss rHrH
Fed i T T S T T Essgngupgsusagsanasgys HHHH- FHE tH u
ey kgt m St T - HHHH BRIEEER agags
T .“.~ a« b “_,1 .W $828§838s HitH Hit LTH A vm I I1d . . T TH angds 41
Oyt S e e R TR R e R T A T . c
b e e e Jt L sedseiddiiaadddeddisiisdised guddakin H ] HH
bl & H“I“L“.x :J....tl SRR H IR I I H T i A LHHTETE a8 ﬁ A r_.N.ll
. . e RN X - H (s > .
W e og e e e R TR TR T TR : !
- LT o H bR R PR S iaalatedidalsade THHH ‘
. ' T W“R ! w nnry MNA Lt sng 2838 HE HH Sgs NERSABRE N
' erpry vty RS RS BSR4 SRS s a
X LT O T SEaTaRats dssfeassiafistisaiiipes pehadss shi4s
g pe e A HTRT CTH UL trrd ikt Hd  anaeh Senhtatasecat asagrdugis ™
L) SR IR IR n T H AT H ;
e 5 b o 38 A8ed LI F o 11 abelti B
Ty SyLE e b EEHE HHTE SH A i w HH A HTH !
T ™Y g - - 3
g s QT R S e : T T -HH T 3 ;
(hasitng BREAS PR T2 SAgRY I ERISIRGST kRuagpuss by sentde aakgasidsnitify anganns A -
i T .MR - .W mm mm “ u ! ﬂxv HudyaRnN 1T I 11 JWH.L'. THHH T & 11 qnq ] {1-
haa JRORA R EVE ! IR s e R an At TR a5 T T FHE 29
T T T R T Fed HEEREREET R PR - g NG 8t
mi 17 :w.: T TR o T HH 1 H By 1 L
-t ¢ r* (RS v P . rTi1t
i ' - .. t-t-4 3 1Tl
e SR TN I e T AR R ERas dasngfusnqitpifnguggdn I HIF RO H FTHI 1
T T T —t 1 ane 1T
35%s SREDIRIRERES: e - or - ngnEgnss spvmasmans as e
o g mgs g Sho gl u, fapgfdgadiaded .~ Jikapash 2% +7 wngemgen 2 r+
innds Rpty SRS b ofds Lt 11 O ). agnad
2520 SN -1 } T aad:c Hek
I.ﬂZT .,vm.. MW.L. UH.“ M H - ”tw: 4 LT
Tr,:: aatiins aabelaundnlos yipa) 22\ aRages sisagdl 14
T T Sysemasana: T ] anaafaiias SRI22RERRINLN
i e HTH A H e S A P = 7 aun g .
T I RS it R A e EFRILEE ¢ RSf)asedisascansys spysafipdais t |
iSald Ra4 : JTH TS a8 syynany S TR fe H- 1 ane
[a0e REARS SREYY P +H i+t ana n ¥ - - H
Fref e T 2 isls H1 HHHT auan anpiyaafiassisanasts
wod LTV RS SEENRANNSEENER NN SRR RS L8010 AT Y juasngyns SASSAN QAN T

130



131

L".
...1. ..,:1; r TTHRTIRETH
e TTOE v 117 gsanpfrazay il HHETHR HUHR IR k
;;:; ] 1 L HHH :1:.. s ladtlcis i R R }
Areprrge it it i . I anns pun FHHE{THBE H b3s
" ™ T 444 H44 4 HH sgnsfifdeld i puganae ddpuddp Sgghgei g g
L R L TR R e R T B /T
{1 M 1 ' ..ﬁ_ & ppgs 4§41 4 ded 1 r H- M 111 T 1
ARA ! Rafs . H- i
TR T aifiutitsanitiies SHHHH ssp g 1
st U T L e HHHTH R A mynpespazeapan sgeses
yedebrbig g o) I L. - ane L 1+ wahgndnhonughopnnn’ i spujgdnad 4Ry an 4848w uggndgd pudagiabe 5
T IR s R 1o n_. piassbdelianloddnt U T E HHH AR B A e H B R AR P
LR N A | T.x. FHt AEsag RN L THBERITHET naggexgans F
) 3 o 1)ien X 1 h a - " 114 senaddundfton HTHY L1 i r
I N B I T T T H siidsenhdiedia=tngsdaies I HH B B T THE R HHH R R R A PR )
[N 321 R EdR [+ sFERIR R RS ThTinhae BT H VY L : H i
) R AR I sifdeey a ¢
. BEEEora] Svot pue - et r g per s ot a3 eads o uspdfy Ak
RIS PAN PR I .Z:.'J.“.m!.% v+ HIHH i A T ER R y pqengyknsnasaasdashan T 9 =
M ST SRk VLT R H- ',,4 - . n a8gs =g T engganges gugpas i i
N DN 5 I P aat e T H e T R R SH LT M
R RIS - BT Ior e HE R aRat s e Rfana] jRgntgsacisaatsn - £es T
shshed 11T I3 I'TIT 4 oy bo .y
<AL Cm S T RO H AT : t T ik
e —. .S N e | onll B M«HAAI wn 1 N SIHTHE 1\ -+ I” - e
. ' ! ! 1 S - + r 2 9 . - AR B
Lo Ay 1.9 THiHHH 3 I
= - - =1 -b -1 o 4 xn.l I : - —
e NS T L by .Vun‘q«.r i H HE AR s saslie 7 Mﬁ.
2K . A4 + . - - a, . - 144 n v
| T .EL.. n RRNRSERRIIERTASE 4 FrH agw I mﬁm
T T T - H 3 Ht! af SR
MMGN,S bl Oy oL = I d MK
RTeln S eib< MO RMEAL AR ESHINE H . bi
A ] s i uy - T 11 ot SIS
tnap= Sy il i N ad e ! ga a8y eas HHH SFies S154 RReATH
]R.Q HEr. i — .:;d ﬁ. t il e A 4
W it B>-~Eeit, 8= Bl tRRIR N H : H , 1 3 NHE b
AT H O - toe b1 13 |51 § b+ b +1 11 T e
! i Al 5 =1 11
e e IR Ehial yunnnnndanss F4tstastfadaze 4
Y ugsigs i b I pustiagioundinjunisgpan T "t
: ; agRgegngs: HT I
SO s LT HH ] FHIH T addiie 1 ieu
4H H SR RRANERRR T RaRY At SEEESH] ! T ! ] 4
TS i [Aad dabEdons apspasas ags A H B
=1 HI p o I B St HH il _
e HH _ o prp R H T HHTHHEH 1 aigs
FETIT10 1y Sgasudgin HH .
4 T HH i .
Egpezgnagge T - 11
rHHt T N r .«.u - y
- 549 SN 4“._ i AN A v bt L n slad = "e pm 1 '
: ! T 1 HTH HYERT
ERaafaRaRaRECES i el 4 A EH T HTH i eH
U RN NN, «. - H H‘..r.. 0 o I «.11 -4 4 = o
(K] o 44 M< “~ 1 T D T T n -
by b - - 11 L agues »
xvaﬁ. .wywlu ' «_. LT LT e s ..1u:wu€ asa SReRan nug ol +
Sadilgzeas st s P DO S M L siagasgpmgugs 5 2 %
T3 Pak Dy pay By T = B 8 Ry 1 i
Y ,Wnltw : wmﬁh_, HeipH ; HH-EHHE 1
TG [y H mH R e S o Naaisadi 1 T
BERIL R R EEEA T Reecs Rt i s HH L R 1
S e TR GALTTHE T j il + i
* piee T;..._. 1 M T a3y
S TSI T T sasat . A paad
L.u?ﬂnw.”m«..r..‘.llvl w.w TB 3-:.1 aainis & H » nddund . mwlx
eOXE I as IS ARRNRRN 1 HebiRbnataldl, ¢ ! - AP H H i+ 3 m‘v
eraiEzans sa e i PREs B2 [ERs=aidents.~ Invnsass SERSERsRRgSdns s s aggeifggad
Matislaxs IEEEE FRRTT AN JHB T e H 31 L S i B :
i HETHIH ” LT H ERRE ERAIRREETonS HITH T T B FUHEEH L
T ISLBE I % ! A28 Sudn yREAPA Rl b ne e ag ol ud 4 SR D43 M
uw,..mm~. i it Qw.% b et mh e 14 {NMIHB I : f
BRI H TR et inRasasaRic: o A=t pan oemad gL agis RgBatadysiazanasss - T
SR PE224 PRSUS FERRS e CopeR HHTHITR t N 2




T kf INEPE PER RS M PR IS s BRRSEEEDS IEEA PN PRR S L RRNTS PRI B T M
BRI N e R R Rt PR R PR R SR eR L U TR KRS S ARDR A RRBSR S5 400 MR EL 34 I P
oy . e 4 " e v p - .4
FEhE L e e EFECT OF-DRAGLON T gld
. ! . .
|8 SETRS PEDEE DOEVE BHPhs e T 443 —d PENSPE Sy pod be Tepde- . . .
T T S I H R P L e N e ot & & . : S
el LR OR RO ONSTANT W o
e e e R R DL A R 1 ~ A4 v . <
+ T '
- PRS M . PR SPSOS § Ry i MRS o .. I -
POODS FINTE BOGE ) BAADS BRSO JLEN I A11J>‘Ji'f:l'lov--: ' o . il
pe DR i MPET DO & DI { (BN JREER S EE DA (e B - e
B e T LI et T T aRe Ruo g s poa e ki n gl o 2 . .l
2
'
Ll -
4 - ~ -+
BES) 1
. DS BadEy Py ey . SR NS MNDS SEREN
R gt satii st Jesal SSE yaue nalstasags Mol g5 npms -
1 v T e
[otls Toeks sobad ot ——l i + 13 1+ 1934 1oty 1T H1d
SRS Soadll sabuy Ja I o pea e R s e k=R
YRl S5 81 ! HIZBE i 1 11 10 ni ] T
I~ T T : T 1t 7T
IDERE TN TT T : I SROER PSR
1 1 + i) 3 e "
5 i o {4+ 11 v +4 t 1 1 T 'i“L 3 3 1
JER ot 1 p0u ot : : p ! o i
ot Sa Sniihn SI.» 4 . t 17 W S0 1 I Tt 38 Sa
PORSS Smm s KN [ov— s d et Sgal H Eg4 — - I OS &%) e 44 e § (- .. -
1 + ES KB —y - g -y + It ST red -
‘_",E o8 AR OeH FR VS SSUNL SRR pOSIY BRARE A Lun BunES SURS | B 13 J’_b T : T pry L Sannd Sbi
T " M t - T T M Mg T T ™ -
1 Lo I Li ;‘ e B ounas par : rou narisu s i R 1 : i BaEE S DL puaah Dy o punae Uk
3 3 b + 4 i Il + s
37 1 : 1 13333 1 8 T i, 17 1 rngs beked phoas Mooy
13 rd ! 3 1 wanl T IRRE P i1 1 b T e e
9 81 t BENS LANN RS Tt . 4 SEREN A in e sRans gl KR RS 84 MRS SO ENY B RGN S8 RRE 0B
1 s t 1 T 1 = BN ENE! s BaRES ]
T 1 T e " T RSN
I T us T T 1t 1T T 1y T3 T FE
ron T T T T T 1 X GRSHE EHE DS 408 7 117 jaang 5o Ba T
1 T 1 1 : 1T \Bna 81 e s 3 T 17 LY
1 3Tt * 1 1250 b ADh S PuSS Tt -
T T 84 ms " T I T
525 DG S0 g i " ;! : prin e 1 + 1 T 1 : T -
LEMDD S 16 51 B sa t )t 1D 81 T LS DY 195T0 onsl nand s SeRRAEINNE N b
sgsen « poey J S55u: e e e s S0000 s aam Taga! P
-4 R F o +r 4+ + + St iy gl RESE) ARESS SUBEBPE RS
eotitfiand Socs! - : e e e e e
A NG : T R e e T
e . e e b —— PUS PROEN DS RaDDY IR
e T T Tl HHRTING ¥ INaasesegs nhaghsigha nen nPRb bpukhs Buaks dhadd uai
" . ooy he Se pig Do
Ly« — —H{HAPIT T ]‘llﬁ 2% 3 Tt M G 05 b PR aER 4 b Sa4S {be
Ty Py Bel S . YRDY : ERGRN DRSS BN IEY SR PR DG e I
WO e 31 ] e B¢ 1 N BRI e JOUSAN DRI JOl Jean M o
T B e s e B S HN R s =
0 - Ge B S ThS SIa peEwa L) t = : s Sl Tn0e Mivud pEuS
L i snasy sesa: A aa; INtT aabe nhisss ounes +
- - i 4. -
T —- Fr -~y v 113 1
saxadate funa H- 1+ + =2 e e aae: 31
v T —_—— T 1.1 LM T T
4 ——- —+ + 1t T
1 T
-Z"}:}—ﬁ ot T i e et B 20 B = H—ri T+
T * B DR T T T T
ESESf SYEi S IR e s T
ISROUE | 5 ) FReQ I RESSE MRANE REsE pE SRS SRS im: . 0855 SSARS SEaRY PGS REPEE Avwas annd| e snanesuues]
ey [R50 Shuis e <+ T ++ Tt - T 1+ - it e 1t -
ey N gt pe P es S T -124 R aak by G Eat) 18 BOREE BEE ot -
\ . —§- — 4 . '
—- 1 .rr + - T 1 ) B i 'ﬁl e ’;l 4+
" g i
+ -+ 1
: 1 ” M ;1 i T ) I 1T 3 " r"f“
IBSYRER D] T 1 SB0E Aat
++ T : : ps i
T R "
i R4 o1 3 Y +
T T 1t +
i : : H 53
r
+ . T . 5 e
28 i i 1 " 0
™17 T 1 Pl
$ > +
M v Y Y )4 b T
TR : t 2o ge
15 SO RS S2URE B t =i I 188 68
INEPS HIREE B8 T - 1 il
¢ T + ! ¥ T
i &) i e b 1 T 43 ¥
H e -
_ns; Ht T " 1 pnaba pis
T : T > } it
A i . 1 t TN
i
T 1 - " "
re o " T t it
IRSS &S 1T T 0E e S50 b N
r —f -
1 4 4 —ry
Fane & 1 7 jonE seu 4 on rod boas
550 KETRE B T 1 1 e + t} :
sEN SERAE K Tt 18 +
189 NG Y T T T
1 T T " 18 B2 1 : " "
+ 1 T L Tt 1 155 b
T 12 BEERS DERY 1t T T 1
v 1 t -1+ y H+4 ;
13 e 'S S T - IRAN ARENE ¥: T
- 1 T I RET B SN Pk P B 3 1
28 81 ) 111 1% 8 008 004 IS8 SuRui 00 1281 158 0
1 4 T ) 18 sanes T i
1 T 1 e T T
1 13 + 1 11 7: t 120 e wnt : : ;Jrﬁ* 1 t
M M H e M - i REE SUubg pus
< LI 3 ana T I P T JRREE & By H. ti+4 J--r
T =8 B R} T T > uge rpass >
¥ 1 T 1 11 e B ORI SERPN ADEH L1t 1.1
b0 B8 Wb 1§ Sena e IS4 ERSES Bu! root sends vuil N8 oeini s habus bad:
e T ! Hr I3 5 : ' ot 1 H+t 1t 433
et t 1 T 1588 & Y t 7 TT
e e R o S s nenas g Ba seunsnapan bives pe e e as punn Ehpns a5 2t Nisbe s
- AR SOOD = 1T 1 H 121 P SR [RSE SRALY mat
. FT T 1 ISS00 SESaE Rasly phag SiAS 5454 1 108 Mgty vah)
o 1 18 51 1 } a1 et EBgTE SupE REY S PR PRERS Suna UM
b bun: 23 e SRS wh SwRNY BURS =3 baas aplios Sius ieons SSRIE byl B fuvwiesh RS
NN &6 & p BR RNy B PPN MAEE. My - PEENEE SR EY IR 0%
PUENES SRS SUMBEOE I A4 MPO Py z ,?.q pyasa = R2 soens seahd BN P RDGRE ShaS PO SR
I~ = PIPSE DRl SRS SENAPS o Iy o PRI Bt TIT - LT TS
penaehe 8 e e FOWS PUALS SRS S MIGEE S SRS S LAPIE Jheus % SEbng NS Bl bE T budid
3. 3. s -
; : S REEOU BN PReS pex 7
b nas % 55 sedk: S g e AR s e & —INIDRAG = ET - 13-
. . v [ SEERAS UEDGE § QUSRI piu PR PSS Gt Rihpiii Eaps L3

132



» CERY -
S — .
: ~
i e
, I .
[ Sty Sy -
(- [0 [P R
17777 L Ixe A
f-.-._ PN ot - et
! - pS B
.. 4 eoiy . T
fodu
4 was
¢ t o tre
’ [ PR - .
g Dy - .
i s S5
. i . -
I M ~
b I it N
N v 2. =
184 i -
- e
. N -
R RG ;
[ b - [ Sy
i e B
i v "
[— \
[ aine =
- s i s S
PESH badiby 2t = .
R ads . +1 Uit D
19 B4 Tt T
. [ DU SHES SINREE Runpan i ToeT§ 4t ] PUpn § i
J . 1y JUDEDOEDS S S R L FEBg 8 P - ) i s A 1 PP
- ] 1S SRR pa ey eE e [S et 3 I e ey POPY PRMS
e pEPut PRRAS B fEe b Bau : 4 E SR pgd ; 7 -
T + + )54 T
T Spol EARRE o obE An e ov vanas A nay H A EE e 14 T
- R o aoRll DERRS nh bk i mant . 1 H it + T
1 SREDY plingle Dol wudhiie Sl a1 55200 A 1 ; Pl £0 B
I Mot S il 14 " 14
.. - - e o g + - 3 oo
i Sopdd st ¥ bors Tt 3 Hy Baus ki +1] rdeas
3 R Ga In Snads LRuaE =8 ki ne pu T 13 *
RES iy puG DOENY BB &) -+ § + s L4 T -+
= 3 + T Y T3
M i et T T t 1881 T3 1n8 ban!
PR " T 117 Tt 1 Y T 133 T T v
bt 13 " R IS ¥ T 188 '3 i
t T = -
~ 4 re 3
M : 1 Dt 1T i 14 il 84 13 M :
T ¥ T 1 Y THT 1 18 84 T 1 ¥
o PR m B8 T A AN e 4 T
+ v { - t § oy
] t 4 Tt +
T 1 T ¥
" T35S § 113 §
1 it t 1 t
e - : i v 1
- Y 1 :
+ o A 1 Tt
+ 1 t uu " 1 o
T Y T
e aup 18 81 pan e Sn s
1 13
1 v T
L 1 X T
sy [y PENMME S oy~ d + + <
1 T t . 1 T
I b e wink bis WSS pe Bg B o T re s T V.10
- g hes el 1 W n RE AT EENoRRES MVLS TARaS S08DE 1] o
) -t v + t T +
: + i yme 11": Y o T fi T : T B e ~
T T 1 L 1 T 11 ¥
& < iy Spos t * I SBES ARESE SUN RS AR i 1 gobes
yine S ol Aoa '
+ : 7
ot SRS ENGNE BERIE RIS T T T r =1 " 1T
1N T o 19 DI 58 > i : 1 17 154 IRRSS NEE1
oy + T -
it 18 pRSR N Fmw se s T ' ROy : T
Sanne b ik Sl E el plnes o H ! 1 + as P S
s sagwy o590 b " IRANA FRA M pine ; 58 s
1% it L i dp SodT vf 434 ’ 1 r tr .
pau; T 8BRS T ' T 7 g,
13 LSS MEARA SRUEE SRERE 8 ! 1 penad . T T
g, sy Be Wl BEH KRNI 1T 1 T aenna iy ress B it
1t 4 I 444} 4 He
o + T -+ 1 T 54 7 ’
1 T 1 t Y : ?
RBas 1t T t
junas " T IBRE 8} + T T 1
po T 1 o83 yon t T 1 ~
1 4 . 1 ¥ 3 ¥ : .
[ a— £1°4 ) : T
I + 11 -+ : T -
W | rt Foi R 1 T : + :
=g t
T T T Y + T
i o 1t Jan 1 1 T T
1 ISR 8] O 1 1 =1
1Y T T IT } 1 ' 0 PR
4 r 13-4 t 1
v - ~—r
s g ] 1T ") .1 M . 1 g 17 —
) 1k swwa 3 1 T 13 1 1 Ty (DS R
t1r 1A SUSRE § NSES §1 .l 1 . 1 r " IS8 8 RN
L LN RS " 1 1 28 51 + ron A
ron T Tt 1 T ra o +
RN FER Y T 1 ' 1 T T T rHT
196 SEE N )} T T T 5 T THh 13+ ST
Tt 110 b4 T 0 g 1 1 T pon oy haw
— s It ~ e = o
v, T ) gl
> v 16 S t T 1 1T T 1 BN Y
1Y 18 B FESN FWREE R T 1 1 1113
T 18N 21 1 2 3 @ 93
re : 1 e
+ T T " +
I L M . i
t " T IgR
Tt " BANEN B4 T i i
< < — B4
17 hs al 4
" ran 17 T 1m0 8 B a8 o e B
194 1Tt 1 P oy T T t
33 02 06 SRS . g pnaca | po-sha o e udus
 mrnt
=7 jass, .’t.«‘ -j—J-H puba 3+ 1 4ty u oy
Hap o park | K973 2o ns =y y
-+ -—— - — — 4 e el + .t -
bee ot 1= lﬁ—il 11 N‘l NFHRAIS —
[ LRl ] L K

133



« - *
Fooacfproesprens
. Fibidetoy 0 J:« IXEI% SRINE CRER:
R TR R L i 2
. : F a i T SE1a3s 11 32821 IRER
- - SRS REREA A A% ﬁT.zA (R g ni gan 1! f syt -+t [4PS 3 puna ceed ey
_ ninHLg Hit W:ﬁ,.: 3 At TR T ».m I EeR HEH RaS] 9ON bR
' . " . H iTrLY T + 14 ! $ ngs agsgpasig i 43 S B4 o vpedreye -r
TN AR S LnTE e T E T T T R RS ! b H [ S SREEESet Frvus pyeas e
R il SN AR \T HIEE T S H H O T .,M.m.:«u HER i
T T N T BT agjezeys gatiineanysastrui tthsnesal SaRERIRRETETRRC LO0LY H0n) roas:
) oo P i et O hapadilunt fdaqusfluntiigh 3R 2a SR EEL 3 § 2Rl RS 2EE Saas
A TR STREREas ghuans = o5 \SSEEACEM Fasct 1EAE RRRtiSed
- ] 1 b he? Hs A FHH diaagaals ..t..*. » i , S a8 S a0 pomas aewii SR SILL
o R SLALEHL Sias: SR AT H s IRTEHERRETEIIE SXESHLECS TR
AT , ! asaias RasnniuslanlsnddRol FH 1+ » " SRRESns it
SENCE T BRI DE e 201 R TN SER IS, i At et i
e Pt S S O M S A b . T e TR HH a8 brire
B8 el e e DR R i 5 SEEf etk RIEE
T i e st G BB S A t1- 1 a8ue N + ] nfudy .,r[lll s+t
Tl ; N ' . g ; ‘.W . *. T mu_. t.f T Sees T : v.a. ‘_nn 3 rH HE H mx. m Pyt eRasy ey ,mw
e, - IRWRY ) N 3200 RN B4 IS SREY SRS T +H- T 1
..Hl!lﬁ*ll.lw I RERSS M -1 S gidng od 1D S Rgs i nns: SNSNE RRS + o . Lt - o MN.A bf 8 o) vn..l
- OO - ,,,..,.1?%:%..,# ssraseastbinRatases 1naseyl A T T hassdfiiaefatin :.W Ha
‘Y—t ut: 1 LT~ 11 33 sndaus SHHEGTHAEHA 1 T STHH R BEERS
Z Trife I “ 4 ‘ﬂﬁ-l,.x. 3 LT - - Annx ] T * gunfaspditlngug sdh 41._ ‘x § e
. % -3 AT.W Fisacs i i+ H ++- RO | o afies T R sgNgs W. L
o ) : e K H I SARQRARndud ie [ ETE 171 g H asakhalbad . 4 TTIT] n...:
LR . s g R RTH B TN TS . CH HE T ksdzdiiat il
R - . Vet t s T ;
N hey ™ R =i :i._« THTH le H PrH EHHR sdeggugiisn v L NEPESS “
ARPSSRERE ; | e R LIRIR REL: Ranapasnidunands ufl gugidfd aen e THR a3 F ) :
ﬂ SRt Rriinn Rt Sl idaestiit i R RHIE YA
+ t ~reEd, - + ! an HH r alpanahhas -4 -1 ~ T
il NS TP TEEFEEFE N E L Sesippte=aizaaReRaN] R (=
u P edanh = ten Mf..ﬁwl a . 3 - H1 H radun bARERRRa N tun 1 ;1«1.@“ iy, - =
.Gn. - E&!u ZD_.TL trfy ] : H nggousn ﬁ 351 HTHT SHT 11t L1 ] 24 1251 MORE EEA .
i . T RRES - 44 -4 1 o nes a ;- I 194 e
qu*.y AJ Pras —fe 1! .nvnv Sugd duaduulline 3t L 4 -4 1 T ﬁva‘:HE"x b
.- N m "o T FITEEG TVEE (4 EEE 11 : NEH EEae e ae T RE
0 Z— g T h xﬁul 4 EHNHTHET sadagansadsfasns duls TH HE I St L FETE ”....”.1 135 S48 -,
R v s |+ R R T e R b TR R TR 1 bt gl saiod s
R }a = nl\.w TR - H3T A IS 3L 13 HHHEEH Send Y 11.|N.L. [ &
- FIMHI . s M i 1Ei L nag WJ ‘.Mu ARRN RN ﬁvn Ixul ayes ..L i .* jog oA R m =
-~ |Aa M— v . } I rit o asdsSshdhnkids T 0 ngn 11T + RER GG DR E1 DS S & r o1
: D...u - . m b 44 ¢ -1 vﬁ H 11..M T + HE . i xwi y fouy t v.xwf . ﬁﬂT TLW )
i - jassgnas gusfypasaisian FHH A HHES HHTEHN j4nas 28 R TH ‘m;n = s
»g y " T} B B 111 +1d a8 L 1 + e - t
N Z L i bias fisscesetessii THIHETH ,ITWFH aeadpeaeazgiiafytadtsas IS e
. L Y - [ne. B2SRE RE-IN T ««T'wx aandsgahafuais Sugdysing b b 114 1H ’ 115 s
. T T Ragas wg § 1 H 1 3.
b33 KIRRRA ¢! Tl wlRy S agadsiaes. angulestadodsusgs 1 + T T ipgea jannd !
A R diod: i : Is TTHIETHIILN T a2 18221
- ; ‘e 1 Nr - ,!L~ .LTW.. T tri t Rutges i iSanglubl N ++4 2 48 Sggngugs wn'«.
ENTUL O EN QL R A s TS ] e
b - RS EAS S ENd 4 h 4 14311 15 T +
s - . Pyt T - PR i ...M m + PER N - ngsisgngss J.:.“.:r. W#mfxx pa s THINH vwm. oy 7%?1 M w'.#'
= & TR T «ﬂ!%.}yrﬁ- Ht H 1 LR v prad e rerey M e
it b - Yo aT =T AT e T A AR BT H T i 3 T
A=Y ARt ET I A e ] o¥elHd e segpaggugs S TG HE H T3 S1NEy 1533208 Ba
- bog ey T SRES MEANEEEN ol R O - -1 t ERY | Wy e
R 1 T rif. T, 4t .U.v.: 1M,u+w 1.1,? Rl dedan » .ugP |34 it 25 [HiE EESPEANA NG SRS SRy WTT.:‘ o 11 ; m“
T S SPR IR LR SR ISR J IS 1 1NN SN e BEE. 1 . + 1T e ae
i ki NI tastise s pyee sz rssanepansyzes SH AR N T b3 ik h
! Lan T IS8 ERE) o= T nfidnlsn L + + Ty 7] v
SR L el bed Bt Mo T e m i1 .= AT SRR RN H -
o5 L,wmxnn.« i ETRE REEE IR s na mo jaangaganss ol aindiTE T BOT T AL ==1 ps T Ffl besd
— : 583 AT SO SRS T m..:,_ TR Shrie e o mgangaps ganazsns prgaalpisdiaastignigst bgds i i
T..v#.ﬂ M R RSO0 AR | i TTI [g ) 3y ' ﬁ - .M T naw pga HT [ : H I
RS R j ; 5 et o g TH - ™ o JJE.,ix' - 3 T T s
gl et LT e 1 i R O O R B e T Al . T =3 .
- S same “1”1.1.4: NS MERRR RERSL o~ 0 m.:ﬁ_.l LHETHTY T nFL; L ..*..1 | NE. e 3 Zuww.nxuu'n.um;‘n bl ¢ 220%
Loebiadl arf Fiho -1l C AsEppat gunyyannirgenysugs Y . Nt n HreH i ST
SR Sendel .H.J.x. ey Hers 3 R o TEE T Alunrfyﬁlx g y 1T =1 BE3E; 1 ',
o EEnd bl T et IS o jaggass & SR oh T r 133 1 . i !
SRES SRS SRR ol BRRES SRNRI P RES 2 oa s 5 Leeiiirm o Pt - T TR EE SR RRI
e N ol boa g cudl et FLT R - I} T g agays H i Fe13 Nnsel ey ._lﬂ< 14 joind mab T O
-nﬂﬁr,m SRR TN P Ko A T, |S=aeppansgay IR G e ﬂ: ‘A NI A TruREES ERRY: il R
<3 ot e RS TRPRe an o 1117 ' L (f: v : Legas ARESREE S th o =
SR IR w.f: m._w-r.w TE et HF uw...m ﬂ—qw. it [ERA had b z.«m. aSusdipehanasd it ﬁ;.wifn LI L.t __
it o0t N bl it 1 L.,IT."A:. Sash il [ER] P4 w T N [ ﬁ.+ W.LMWW‘... .7n 1+t
v...tm. —t - s T *.. T 1.:. IMIJ - Vw :..: mrhz‘wzy rw i{ttiretatbesdde 1
. vt B S Tl
1_:4..th ...MN_ AM”.T _W 13 M:H L.
SR o

134



. T
PR
! S
. MR ] Ty
+ eefreeafen o T
EEESE o0k S BT R KRRy A2 H
TS R R
IR A LR M - b+ <3 o
1 vreo{q e~
e fme 3 e il S
BRRES BRI (RS R R3S
trred Papmipy i it
- - B LS Eot s
e It
T
1
RN IS RS Pt MU |- .33
(e s SRahl o '-x.‘JJ;;ff
-4:1’_. . I:‘ R ES nihd v e d b3 e
' S T RN . b e .
v e PR s T
il
-ww
+44 T 1
T 10 sabiity Shed
IBauSRERS: + i bhoge pe
+ + 1 rTH T
r+ 4+
¥ $ T Tt
M 2000 ROERS e
111 T -+ LSS N1 M
113 I i =
T + M
b Tt it
> 1 L PR Sy -
i 1m 84 o1 - P g o]
T 1 POy
T i 1+ —-
ot + ) " T Lews a3
— . T ~ s LW WSl
4 < 3 . pooing
H T g -4 % * ——
i SR8 oa Tet— T
" re -+ L I 1 RAG i
H 1 7 =T 1T v
— 1T IR EA 1 18098 v 1 4 H -
4{ i us M )8 W 4 r@
4y o= 1 6 e pet s — 4t : i { t FS 08 BEnd
g e pe ' + po
e e LT Sal ke - Bul TR - ~ + 1 '8 nasa: + 1
BSoduspvabig Xyl snups suwas BARAR Su: st e e 1 1 e s =t p
Fot R e T R e s Mt e s
4 e LTI Pt =g 50 :_14_’ ¥ 85 20 tr o sumy” Shase b S Cn M pis el
05 e p A BNRES NS R e A wEn R i1 +1 . 2 aa 4 IRAR v T
T S e e > ++ 1 1 a5 37 ot By 45 pamee swe e
1 ++1 1y 4 A8 54 + 1 ¥ o 1 1+ P e DR P INTES [
‘ + : AsEe, ? A eSS e PEape S
+ 1 3 r -
SRR e e S A e
T t -t 1§ B + iy LI g A
- Py b1 8 B + BRN Bl e aine 4 - e s W P
avess: e : 1 Al sun -4+ HIBET S SN AR N1 e B! PERNGS A, t =
it 1 ; '1] —HH ' 1 T > . = b it < il
4. e 3 ; [T~ -
B s N e e EaS e, : RS Soess Suens by Canatud mate s Bebit Soaks o sas Abes
- e M 'S PEDGS BY 4 T i T — oy el
e : 3 " = eresacsatiane Falds: 2048 00 ol -t
wi : 1% DERE b el
iy b et ¢ 1 15 T " oa save fha s T a
M + 1 1+ H 1580 e 4 gha 1+ ) JUDGNE P Suue
Tk NS REY t T . 9 IRS3 4 S5a0e KEuss renEl ppuad heiny Svteiel
-+ “"T"“""TT"‘""“ 17 T t + - 1O I +<+ St Tt T refros ot
13 3 oy S v+ + 1J- b 11
++ SISRERS SeERwa + SAa : T N
44+ 133 11t I+ T s 1 < e | —rt4-+ P
T 147 ron + T A 1961 riwszsunas sotas Eebui Suwus Aanha suben
7! 11 o { 1 20 SREES - T -
—+- - . " { T + T T T -
T T T + -
I A+ et v { + - HHH
RS EisNt KNENNERES| . DT - v =
g oy 4 1 1 + T +—
< et 4 3 + +—+
Inas n }nay ~—r
LINE B0 R 11t bW W 1
Sawe. T - ras ue LS5 auy o T -ttt
+ It v G AP 4 st T + 3 T
+ ¥ 1 % Y - s e ourT
v ¥ i
i S 1 o Ly 1 3 sanansas; 43
et 1 » 2 T#, 1 4t 3 oy y e T+ ~r
* + " T 4+ 1 13 s 4 1 - 4
jnnss Reun T yness &8 3 i =8 " Ty
l{ + 4 1 Y SORBE BT RS RE1 b4 L2008 hai R LI (I 8 pasnd
1 + HE BEES & T : Tt - T -
T 1 3 SEBaN " DR S 3 EAUERES A RN =
- 133 - 1 B0S B =t Fauh s34 88 Suint sbaaE £ T 1
3 g 1. 4+ 1T g+ BN B4
1 e -+ + l ANy
+ + T DU t +4-t- ISEREES nRas Bas: > i
1 } u: i e Sasaamss Seoesse g Soaks s
It & T ~+1-+{ i 4 : + T
qo + -+ + T i : ISE53 04281 hub Ine sanes 2o -
-+ Il +
I 13 T IDER3 SBEH) H oyt Iaa Bt i 1
} < 1
: i T b Feets hasbe Lanes o
IR t rnny +
T BORE 81 M g T
3 T > IS8 1T T 1 < 3413
)3 + I 11t 18 E.E 0w 8 |1 : T il T Y
+ " A —pebne—t- e -t HAGME I 14
13 1111 44 T ru - 1
444 1 Tt + 1 + - 11 * -
T 1 H 1 1 13 It y
+ Tt ! T 1+ ot 1
=11 i T T : 1T 15
" T‘*"“]<r|w~' Iy Y T t +v 0 out
N B : r
s S 1 2 H ha
1T ’ NN euEs HH = 17
. uEa ' T HH 1 - ; 3
4 " X 4 T s
- i . 3T
-+ H T I3
Soas hyaba ki) 3 ] 6 haaa w8 brnas e s 1 i 1
nareh REER uA : 9 281 T i + T i = {
[0 BRioGE 8 51 t + 3 1 $ 18 SRR
- T 13 T ?
Tt ++ 12 ua 1 + t 10 PRR B E S TS DNERS S5l B B E B0 RE A
7 ! =i mazas s SPots P e paiae
jogus san 2R B2 = a4 )6 bppas -
137 pbeningt Qi it 3 :JM Pty WOTGin SRy B —
13 'g pows .
- 11 — .4 po PEg S
IR e bl Shaa ot -
r SRR S s
* -+ et
s ran piny puepd s Bobe Sased wo pek S
13 Rr=bs Kol Ppp
8 2343




[ES TR DO I T, s - ~
ol EREECT. OF  GROSS - WE[GHT:
- —— g b 4 sy dae, B ant aaias L ¢
e, T i T 1 i
[P i PR . 3 ‘ ' i
[N - .
! e FOR CACLONSTANT! PAY
o - e P I .j'. e T4 K -
B DN : . N ISR
a : 4 1200 1 BSL 718
4 S DR Y. . +
PO S ve B 5
v -1
= IS Sy S NI I ,l“ . o 1 i
-l g .. (RS EES Qi
. JOGEE RN ! . [P DN M
|- B I L I L] EER8EA LEVEL
pRRS
T
t
14
"
191
T : 1
1 t
1 3 1
11 | 84 81 SN N B 3 mAl B b
1 '2 S B =S 8y - 1 P PRSI T
1 | B8 & 334 - el 3
+ M 4 4 -—t -
3 s — T
1 L8 St A by psipiis Sl Bl
it sind
T TF pEnEe gy
] ¥ DRGSR EOSNE IMERHH
{ 1 T T “0.—.4"~—1-’~—0
re B I be
e u g7 ry pReed
TR s 0 i nipdh SadS Sipwer ausllug fagssud
a3 i 3 L LT -——
s T PPPIE SODOE SOEPE Junpmy S
TN iilgl‘ﬁ H e s
> - 171 1i- - 1‘ 1 .—-:—‘_.AJ ._.—.‘,_--“ ———
1 4 SUne; Sy SOApiu Jupdomeb ssRt Sy
1 - x v -+
{‘i rt e be —1 — ROng Feea [ psped
-+ 1 -4 Y e EE T E
41 s s Pevwiy pERGS Shabed Ruitel
+ e
3 7 T
11 T )
1 : 1 T
= + +——
pms T
¥ 4
1584 1 .
1 1 1
= Tt o sene oS PRt phetl pabos Loks
H BAus aENDs SRS shphe SRUN) buem
| t I I e ot
.2 T n T
]
] 4 Jd ¥ . 4 - 3+
:m + +
7] ! e : A vaas : 1T PSS Bpd I8 S g
23 Do P REe Do ssaamas e aens: o T a 'S AR poe: !
ST e e SR e e
e 13 : * L T 3 r wst p pe
| | H v 188 RSN 1 4 ! b I B onl
Tt L T + + : s
= + hivind IR Pu i ) t 13 t T + 1113 Pt 7t 44
I SR M 1 } 3 T 13T I3 N z yR o 3
3 it T ¥ I M 1N BRBEE RSN T e 1 INRA BN a4 T - : SRR Su i |
: 1 I PRAT UGS LS ri T T 35 8.0 1 i 84
;-4{.#—.3_., REHE MRS he e B ! s 15§ B ¢ T e Wi
. 6 SOGHE BpEn il B MERES Mg DILIN SIS KRBEA i H b N B
v $4-: 01 BRAGS FSREN RS T 1 ni
8 B} + t s BESAS RO
RS B8 1T T L 1 Ja)
R Sg ot DUV DS RO S BEBES BE LBARE WR H+ Yul
7 M na SGLS MRSt Fooht pugBe T ISESY M Ra: T
B 1 s pus o . e 3
i T + ,Lj;x i 3 - e 81 — +
T I e ;'} s 414 1 e b4 L ¢ 3. Im T
,C’.t"“ 13 1 inda; 3 1 TH Tt 1S
1 t T i 1 1
he o ~0 t H'i I}' } SRS : 1
T v + + 4
B nals SETh Eagey Shaps pas iSpwe BamuE SR Da: e ; 1
58 spnde suowf s .- epesssals suns b 1 b P Db :
T ¥ T
Sl gept e
T H + 4-
=g ertes - 447 1 -+ -4
= | ++ thEE B ERDR N BN F1
|3 sones pagke bus: YN E] 117 153 B
1 H 3 1T 1 18§ 1 :
= = 90} IR0 BRPE: 7 - T
A glipery 3 T 1
BAGS goe 55 pavae pagee thews basis bus: 9% SUBEE BERE4 N
e 23 4 -~ $
TP RESEs fsass rRepysensasasaz sees s ya s st e s
Ivng S e . aps T
B e e e n o S e e e o) 17T )
- 444 + T
-t 4y o et Rte ol oue kot 1 }
PRRSE EPSES § 5 il IEBRG - M
Rods MESIN pEas! " S T ]
i 11 1T A8} 11 M
ot e s 11 1
POuserS e PR BEISDE BY DEA Rty T b3 L
T T
PR Shane
198 KBS 18 A A DS B4 IReas b
O DAL DU } Ena 0 H
e T e BRI H-A =
Basps Bk i RiLERE § 3 &k -
PIRNDE ISP 3
M - oo
S
o2t N SR B




podirs baddet bl
PROAS wiid Mgt
pialt puas Pt
P SpER A
i DO GDRED DR Sy
LTI L
T — - g =
- - 3.2
3 4 4 Py OGRS Benibe
.4 H 3 . JEDINEREY Gl
5 TS RO OO EE IOC . T2 IDORE FOED S 5 Reea 1 Ll RS o O o N
23 . Db R S L \ - - TILRTOgTTS L L T
AU T I GARRETT. ADVANCED - FURBOCHARGER |- b D
l RN -
T 1 T
¢ - 11vir ITe e BETS Bonns saats b =
s b T IREEY N e IS g § o ibwnel
e et s A
SRS B 1 1 B8 t
S T e S Ees
34+ e -+ ; o +f — - b
k1 3 i il babd
T 1 | . -
1 IBEES & RS0 b M TR B el el i
AGS EREE pEuA I RS R iy poen D e
~ + Y e 4 = i s ot T
. - 3 B =
T T 4 T it ST R DS e DA RS Pen P e
T + 8 e 8 8 T 3
1 i T i ou puas = T
t ] v
- e
T e e s et
T 1 anan snans e
? T T +
T 14 T T S
SIS i 3 N p
¥ 1 3 t Snwan
T Ins Tt T T
T L1 ot < M Y —
4 ‘ 3 - 4 4
+ 1 ¥ 1 R 1
15 SRR t a0 swew ko m e b
18 5 08 ARG BN B4 AR 1B S suAeE S0 1t
L8 S 8 1 188 BB 1
T T T T T
v T e ; 106 SEw] iy
s . 152 g1 . PuSPS Snpns
T 111t e i ol pivid
- 177 31 |4 RA
. 4 — z - . deef o
Wik paynySaas: ; ! pus pudt Shisbs siuned
, aai ek BTN S06 0 e T =y~
3 T = 3 IRas 0a T
PRGNS B D S.0Y DD P M 183 04 T T g T T T S SIS g
YK 8 Ba R piy T T T ina bk 8 bngnd o Syanin: s shpa 0SS MASES Rom Motenl
- — et . —- 1 - 44 < Rl R
i o b Spuind T o SRS - > I plus g bl b
! : + =
ol IR ERE NRREY D T 3 7T
i r 1t 28 T 18 paf 3 At
T 1T 1 SOAS i e RN BE1 T T
¥ -1 " rou $ 1 re :
T + 1 paend B vuly LI | T T ™ ==
g r P +HH =7 H T [ IJI " 1 1. |
] 15 54 s Y : o :
- _:-i:‘ JJ: ,—'J' 1) AR 1 Pt 11 T 1 * - v
8 bl i 1 e EE DS S I 18 & Y ks ri
P T T 18508 BEIMER BRS \e8 SR 1 n - ¢
[ 4 B 1 |8 pDGES BEET : T T s It T 18 N EBEY a4
129 PRYEe Aa 32 T 10 B B8 D 0 S0 1598 roae| t s T s N 1 :
+ + T T 13 . 1SS BOAS e SE AN -
s T o1 INAR SKNAS it had B8 by s > T T T
il I 1 Yy i 1
[ g 13T InmE) po A AN B REe RN I BB 18 Dy T T t T IR BRI t ++
AT 1 1 ar 1 ' iy r ) 1 13 17 e BBE 19w & ran
1 ASS BRNNS B 1 1506 R T 1 $ 1 3 113 T Tt . FSE e
. - . BAn < o 1 1 1 3 1 - 1l B4 LSS BN
LK S 1 ) M 1
b 'Sl ROGAN HUHES SR T T 1
T 3 13 S50 0a ERERE B) ¥ IRy S T oG 1 reass 4 anea el "
IRRE + Tt T 150 BN 5 1 Rl L8 EWT r e
1R 3 3 T : T : 'S RS 1
8 ¢ ma T : 190 RE NN BT T t oy T
T IS0.S R TESN RERES 45 NN 3 ) GEEIE R y T T oy t
T 8. t i T t 18 SE B ¥ Y o1 Iu s
1 3T 1520 0 IO IS NS IS DES B8 01 yan B + 1T T Y
i m —irt L &1 eSSy B i ’e 1 11 r 3 e Salrant —
T - 1 T N ye puers
1y Ind T 13 8 DAY SR 2ES Pl 1806 51 T 1 I t THT b . T t T
++ v r+ FES KBRS REUSY 0 5E N 1 1T 1 1 r Tl 8 BB 1
=3 : 'S SRS 8 B " 1 T 18 0 KDY ! 5. o1 1 » EE BT
\nassens] (8 LU Birn t 21 = 1 8 88 158 S8 208 ST 18 A
v '] T 3 Y T 1. : h .
- " ¥ LN KRS B Tt I T 1 by W SN et
BERS SRR REas 0T 19N B ST S ) I T TITYT 18 SR UEE ¥ IS AR LR BE 1u bR S 1T T T3
A 537 ™ty 12 60 RIS FDERE KEBGS B 13 1 jansEaE P 0 B4 o1 [HRSS MES RS AT (e TH
*5% 1 T ¥ ; t T IORDG EEE BA 81 e M ) e
v - -+ t
s i S Suiny = : T Bth BEARS BRSE] T e o + 2 o
¥ T .l 13 InEE B L1 T T (B ) S8 T 1 -7 4 S B 0TS B e i e
yn e 18 SRS B8 TP FY N1 1B R0 BN rie 841 11t 1 3 11t Loe u} T -
ym 18 PURIE 588 D! 10 AR AT EDE B/ T 4 19 : ™
1 i1 ) RS BAESS I b | 14 DA LI 13 + )¢ — - + I .
1 T LRI SRR T t T X
1+t T B 1 Y Tl e 4 1 19 BEARI ”y
180 SREt 1 o 1 L | ¥ >y SR PADES BE BOd SRR A
4+ + Tt +
ey RS G}
H-H s T : soe== cEepeey
0 E AR t 1 T 11T T
1ot v | - ISR N PR
1 1 =+ n J -
+r -
Fhkaa arknanante anpes Sutu bihus banks x4y phoes ARph Spl:
1 T+ i
ARAES poRls : z T AKE
nEay y - i
Tt
e SN S nls phe] be IR B n s aatel saey] ol
1 1 1 [k Pu s na : 1B Asters YuE BET wopsl
LY 1 M [SA RS MAREA EEREE S PR DA PEAEY R IS DEED N POEI NG X5 SIS Pushing DU S-S




S
rh BT % IS
- 414 ¢t NIt 1 i B3 84 I ‘-
, NI ﬁ .»u .w* 4 ﬁ. H | “._ i1ty 1 T ﬂ
. H T [RERR) RS .+I§ Ll . T e Pl
SNEE I LM«M..HM .ﬁ_w I mw ' ! drin ERRESH, Q.;Lﬁ.ﬁ .. ﬁhx,m_. { mﬁm« it N BN
R HrrtT iR B st dis s P Bl i 101 HEY
I N AR RSB IR H ' T RN gugd rte IR .rf...,Jv -4 -y : ! s oguds LERS
HIR O TR it i R e e e
X S I e ST e i RS R TR
[ . PR 488 45 yuypud mpa C -4 v
f shotpr et T H Iz N b -4 N ++ Hr +~4- ¢4 r 0% 8§ 8 LM; Pl rifts
! . e JHE oH R R T seeehgl HRI
IS T I B R H Rt L » T VR TR T e e X
iy ol i l‘al. 17 m.;w i m Mv .‘_‘ I 1.‘1 Ir et y SRdgugagans +rt qu... T L Eﬂ
STAE PR S T N : L T TRbH A edand §s O ETHIT T nmag T+ H L L 117 - '
g1 g% G R R EE TR sanyteidysees gysans sdnshanniand Shans oug L
1 SRS Fpasisaiig & H e T T T =S
PN RIS EH R Y ' ETTISEITI LA Rt : TR HE R sgzsneans HHIHHH I e
- LIS S e i 1943 S9! .ﬂ.w aigindshnnsiit unidsnsqend p a8 gdelag ,.Aﬂ*luﬂ,rj.x -+
e s [N U LT 1 T ] Sangpan i
_.E. . . 1 HERES T - ASS - P 1 113
f y NIRRT ¢ ’e B I TSI 5T P Tt IT12 I - 2
TR et IR i H R RTH N i segsgsigiin .
o . ,*., TR L pifstsesnpasesifavafiitaiteatt HhrH I 3 alsia TR e
0 SRR conde o TR HTRTR R Sgai fdhuuannt HHH A T i
[ SRENE ARSRLRTY CARIR K, s TR TR T TR JHIH! 1 siggdasphaciifs I2g0
A RS S SR DRE RONRT e 2 1525 : jasdgafasaidagalifens TITH e
I 7T IS Bef 120 St IR E=RE gt ndsqdad ¥ HEEHEHTN + angaang ue
R E2E AR KESES RRER ~— pludghdddban e R ] HITTHIH 1818
L) ¢ b EET I A va hoBEnRaRg v HH a 888 TR FH rir11
Nz, ekt G TR tTeaea BREREESS H EE33ISARRRIL H.xx.T 1;
- . Wu AU od wﬂ -t HH e “ TYITEOITITY andiigts 111 i 1 11105
D M3 1%1« Mo S TIHT AT RIITHET s T ] ngfu aga ST IW
n.U . B rhw;.R. o H F L 114 enaEsueReseRy o SRRSS BN
Lt ! B af it : H T 'M - 41 1+ y s .xw an + rtttt 1 !
i 6 o { T ISR & S8 unulgyealie ' o ] 4] ol s
= N». S LM i ,.TH: 1 ga2a2ss H THITH = eguEe Ranss HEHH S H BT F 1 7.%.
..L D - me 2l | - ..M T . -+t +1-H r.v.A|.1 1 v+ 14 sudbldada I 1 TTHTH G ] L pRANAS B
! - 9 an ] E TTHHITH 1
llxz.xﬁ, =T m ¢ M ﬂx HA HEHT 11T L ! -1 $3A35338 A HHH 2
HMN, u s -1t N 31 epungnaggm g a8 adfspsgefdas C T ¢
2tas SREYEN o~ B - ASRSA R YT jeliasiidanalonataealisfuidddish AT r sEaSRIRI RS BRI
ubh..l 1 e SRR .s__“u ST ] aittiasatant] T aguaganyine HHHH- 1“._
sl <L tuﬁﬁmx AESIETEoaat SREd]canqshid TTHAE BT T silugufugiay gangn il n: i
Ll Fr EHL O nnl H HIHAEE R L T g2
Tt A e T r i S o 1 A PR tHHT A na T %
pade s REsiPeSint g b=l - afdalacatisgadfanagectocing® foat AHHETHLT S T 11l
LRI PRS00 o | «d.“rm. ] : seudinaisisesd pBeel ORF o ‘M.‘ ry ane nyn 111 ] s innsndnns nduduni M . W
. ; - 1 e AR aaiils ag g du 11+ H b SO pd Sennas & Sepgyns geguy Py
i tondtl e RVt B FEER RT W it L3 TR T dpasiizaisadstatbits :,}h;;,d B R B ik Nﬂ
. 1 VTR T FE Y L. as A TR R 4444 1 wpu By gadnpadng fuan -+ .
T .V : e IRon] e aguungganaseandagdiis unn m } -+ HIHHT ﬁ.”L - » 1 HHY sietsasdiscciie. agepengs e LM
-W_U.L T [ e e HH T DAL T E T T ,.ﬁ; R R
- : - v -4 VoA S3§8s T it . ! - 11 =EZREE §%dghsgnsplinynngs 1 T T
- Lo Maaianhsggs SANSEREAq RNy i 1 B4 T 11l Firt gas * 3 i
NI I o IR RGlnE 35hsass) - FhatiaeRtact) §qsages : 0 T R jiel
2 - A - R L TS S i . ! angynn Ut b b RS H ek shaaisindi LAMRITELN
=N M_r O 1 o Y IR pigsnaaatil T Y 4y TR L [T H T 425EReasE: L T
by Uni 2 - ,H,ﬁu:l folea M ISha S IRdan . THTHT LT HI 113 ".«mfﬁ.xﬁxx —H+H} 1111 T sEaRgase .ﬂ,hw“ m. :mﬂ ".uwv J«w
T T IENNERE  REsasTass e 35y m“;,ﬂ. Eilip AN 4T aepygaasagazacypan Eﬂx,.”.i HHHH A e T
: " ted ] Y’ ISP L i CBR A Re 3 e ok t ! Sk Sk aiRbalad Radicethus cann)iiS : T ey
o , AR I 1,y H Vs Her 1 ,me.wru Mc.i. e 4+ 4 L - - , DRSS SEANE 84 H
E 2% ER S I e et et .r... AR A TH 4 HOE R T ETRE T S RI ETRY RS P
Loy R S L3 TR T T R AT 1 ; AR HH 3535 seiost Rttt IRRRS SRR 21N 3
Ahﬂ RRETEERE - SRR ReM st wU: Ll e ey it 1H i HH LR +t S I B
RN SIS JEN3! el T SESINICE IR RN 1 e 11+ agas kdedsntiiibedl 1B T
: T R M I N EIN T i1 R M b EhIL atSiHl s Rt vt~ A
00l T SR A e R Hos g R e D HTT b A PR H {1 T N
S } o e vl ww'...r.ﬂ. A T M Z3ta mags TH _ R HERHTIRY ..,M SRnsE _.M L T 53300
- R B ! ! 223822 Fr 4 T R HY T HH 1] pons H cHEIN 8og IRGAN o RE S ) A
L : B G B e i ﬁ I IE s e e E2isEAE *r T
e t T 1358 - i + + Yt i
! s 58 2203 SR04 PRDS: Hritbra i A= {4 ' 1 |
O Ty ERgiseaes 133 TJAA"“ wdyx‘ e T b Tw T t RIS AREL.
= it ket st i i i R R TR
. TR AT Akyiey ¢ - T Hiz il
1 1 i 1 Lok 3 13g= RgE5 2558 T -1 1 {133
v if HUE T == iBasditdadunli
e it 3 JGAERERERN {Y3 33 SANEA R A 3 T STHEH T FTF
I FETRAP SR AESRERY SRR AR NAN g i 3 i i S IEe
2T% §E)E U5 | Tx_ﬁ J... THHAR « i T 1 nﬁxw, ] u”;m«m 1
eyt gupgpuady gl .: T [ SIRsaas tnsas s A - } s AR
".'4 = R B BN — Hhu1 14 1 b8 <44+ 4§~ 14 R :_
RN - HTHH | v.*..ﬁ; rii4H] “ *,. IR ‘.T o q ! 11 S
T 22E2SZEETIRI PR R O EREE RIS PN SACRARRESE 01 Tatry b dSiH i
L THTH : Ml..lJ“ n_Cl GE { janl. o
R . I AS23SERA J
N it e
1
Loy,

138



[ X

1 ] ' ' ' : . .-
ECTIOF 6 PEED: -
. 'Y APOSY R o 1 4 °
LIEQR o
T
-+t 1 T T
T : T
MEREE RG2S B4 40 B phuas awues Sona!
L5 B J 0 SARDE FURS
T 1 =8 bu e
T e o
¥ 10 BRI 1 roas|
T s [ 1 1 Y 1
: 888N B 115t 191 it
s 1t + 1ttt
+ - + Il
LT ELIIIH A RN SEN 0N G RE RORAS LARNS PARIE EB5T s |
Ti3 i3 ARSHEESDNE MENE S FUY 2908 EEN! 1 T
T o 'S B4 I8 RE3E S SDet 13 ¥ tr
1 1 e ¥
L1 DI SO Ierl SuNy + +
{ "
1 t t T
IR e T it
+1v T T
IeRWS pREES SRS | :
S FRA NS SRAEE REE S SRS
111 |55 FRRG S AN EE)
15 656 BED #S NORTE BB 5Y 1T
P ] i
hoe Dw AR PEEEE SUTRED
Ty v 8.8
1 16 RESAS BORT]
+ v+ + i
T amgnax:
[ SRRS U SN S D 0 ARy SOBS
b 18 SRaNh M as
= 1+
. 4
-+t + -+
Inan pwnl s
T T T ¥
d
: i ry
1 111 na DS EEDE S SOSE N LRI
! pamy s IS SEEPESESEN I EAES RNRAN SRRN § DS NENERE AESE ENREA RRE SN B = Y it
i TT T3 ) 1 s T ) i+ 11 T+
[ yui 561 S 1 =1 T oD Tt
B EBan ot axs ARSET RS ™ e T ISR ASIES SRAGE SHERS pES B Sue] T
[ 22 pog SosasSpREs henasanats bunsn: a i Fr RSP0 ARELE Sund 1 -
1 " H s 18 SR + s 188 T
[ o . i 3 )81 - -
T T T 1 00 6 SuBal T ) 13 Bw, 1m0 Dt T
RENRAERNSE BURK * o 13 T T 1t T 1 t 8 81 :
o1 Tt t PO B RAES BEMEY LSS | ~ .l TH i San
T o g yt Y v yan t Tt 1
FuEs 88 3 T T a1 : 1 I 3
T Bey ypang soaas pa. 128 Y us 4
11 ot 3 TR 3 poni iy Y 1T 1 S5 Ba K1
151 iEBas BN 1 1t Inage NRgs rBasa B U LPuN Y RER ] Y t 1
LB P! 1 1 IBESS RERRE DS LSS0 B1 1 Bt 188 B T+t
1 T al it 37 = 100 »§ 1 '
T 1 rs ory " -+ - T
by we 0ui 1T Tt Y rEm) rin 1 t pub a t 18 B trie ] +
T 1 BRE LSS A SARIN B 1 + T T iR 1 1 1T T " 128 81 S NS READY
NG BEASE BA 113 T it 1 1 Y 3 i | it T
1E50 B + yur rass it T "SeRRER 1 - T
T Y TI5T yu 4 T Y T s n o ruus " T 1
SERAERASES NS ™ W IR0 BE A" SR Bt T 1 Inas Ena a1 IR B t IBER S U RS BE D T
IR R A T ¥ - s it t 1t JSR0 REH] T ’na T I8 6 A eEDE SRS 11
IR A 196 SRS + T 1 1 Y I EE & i 12 G E03 A8 UE DERSE SN PES
t T + - LM Y 1 + -t Py N Y
- P I Sl oy & I e + 4 - P
RRE SR Lo (I o8 57 ekl Y . + : T 1 T JuEw O BORE §AEES ERaES Wi
Tt 3 ? 1 1 JDAEI LABES SEOES LANE | B T 1 T 1 1 Y T ron 1 r
¥ TS NAPEE ) SHEE PETS 0 # R IaBE aa| o Yoo 5. 588 81 " e NE NG SRNRY OB By Y =T
1 ¥ (NS S0 NS 5058 500 00 aSS Bn tr 1 " 1 Hiro ss0a8 ou Y
SRaY Bane FRRAS e T 3 + . T T T
] b T T AN i T r PE ) SO LR RE T
SRPOARPOPS ST E N0 . spianasnas aidss 091 =T 2| I8 SuR| 188 B¢ 1885 0EDRE NS iR PUDGE SON ! iTT e
DGRy PUFRR ¥ e it JOR® Pl | + Tt T 1N E0 SAENE RG0S 58154 DRONT MO T o}
1 81 A 1 J ddd T L1 b4 1
T t T : Y 1 " Y + umern T3 T
o~ yut Tty 18 AR i T Y T +
i it it renad a3 + S 3 8 Net) e T T T t T
(RRE N AR T 1 T T3 Tt 1 11 " n + T
A 3 13 M 1 3 A Eni 11 )3 1 L 11 i
] " 1 15 pw SHBRS ERRDE EENIE 81 > T 1 )¢ T T3 T
At e e HY S s =
b 1
ha o T B2 hhaan En| R T T )8 4 18] 13T 18 58 AE 1 r+ 1t
1 ¥ 12 Ba 1 ;4 e
= " s - y T + —
BBy N Eu .i T Tt e SRR
1] " i1 1 IR EAD PO ¥ S 24 o 5 506 8 ¥
T 208 RpSEiasaiaiy 7)) ganoe: F :
- - 4 4 W——— - 181 Py
3 L R rasasans BEepa BUEpa pesi SeTas ghebs Lyt Foubs shwn ave be 53 S Shems bnagd
4] sagys sEbAEs s wan SRS Y Png wgpesy A+ i wals
4 S EERh E I IGHT =189 =
ERETY PROSS § RApS § a1 pavit o ot VAR-B'D Iy ihadiy .ol P ag [y Suih A% PO TPy FI R Py=y DG DS Sy T - -




B e 1 ’ NN N 1
. | w “ Lo o Aot
i v o e t m¢b.xx:.| N O QU e R .- - M L ————— R e s - - r r._nt..o
” 2 eedee \—.l' } i S 3 1y —
T . ’ T ) 1 D K o
t i
: — .
T I ; T a7 N PN E
: “ P AT R IR K
I AN S T HE ERIE e A U
[ An., ..m :A ;_, “w «.“w Q.._. . __~
PERRT SIS SR S s B danns T et T T T Tt
W r N o ol ,“m o gt
- " | Ppaoafe ' K \ i il ¢ . I KRN
~i T AL eRRat AR RN SRR M LARL] Tl gt
. ' 1 B Vs 1 v __. __ | 4
......NA il < I T R N i )
i.ﬂ_ “ : ; T w T w
ta o i o . ’ !
], S I L :_“w
v " N 4 . ]
i 6 g e,
t N g i
'l 3 _Y : :
Gy { ' th
:L.:ﬂ m : ] __ i
s | ‘ ' B
LT e : e
T
(=K
P“._ b~ H
rF;M“ ~
REINT; ) _
i w L
7 1
Rafl B Wt B
oy Il
H ' i
“&W HEE
ﬁx.P". b "m_“ Ll
“ ! .“_M .:
H p.. ‘ll _T RO
ul = o
ol b
1 3
.4 Py t wu
N IREE ERE
|l e
! .._ ‘ A
i L.N _. IR
o ] i i
R “.,u S Ve
T Bl i
gl i
by : ———
t m_:. _w__ Ve T A,T
iR {49 i E
T T DM T I
e SIS
Y 15 i EESR R
gl 4 v

140



| | : ; y
{ , . ! { rm
: JRVRRPR U PR TS SRPNTE NN VRPN PRVLS SRR SRR SR RUS PRI VN IR N SRS PO
_ ~ T | . | s
L i L .
. . 1
. t " . ' '
m ! _ \ : . P : . _.
f m t + ' e f i
v , v I ) 1 t N
T “ ! TN 1 LN PP FRL i _
! ! BRI NN IR '
ies g SIS e ; ; T T i I
F ! o ' N IR AR ERRES LY RN i i
‘X 9 , 3 I I LR A L Nl 1 s
ﬂl_. R 1 "“. v ISR MR t ..". ¢ M a.i
82 _.N , ‘ H IS S I m ! ]
- - :
e b L RURBE SRS - GERSS 1911 ANETH LONEY ARES 7
. 2 - SR I O O TR IR I D1 I IO HI v .
RS CN it it e il L. I H +H+ L
=, R IG5 BL S e He i ! u
e ] IR SR A S I R i .m “ {
R 075 N5 M B S I = M= L B 7 T ¥
X : b ! ._._p e __ ' i i 1 ' i o4
(RS KR ' (S LN R o ' » { ' ‘ 1R
s ise = NN HHINE SR B AT I T | 0 N
10, P A ChEM LT el . SRR RS XN = Plaid 1Y 1) : ] i
' o . SR E ERETY RIS M8 T i I3 e NITT m
B §] “y Y BN ' Nail H
= e ST TR R S B R RN HECE s TN I
1 SHIRHE Wmh BRI HHIDE RN BRI b
' v N . ; . 1 T T M 1 It - T :
‘W' o SHTE Mot it R U R AT LA D Y1 I e ¥
2 ] o= 1 R .v n. JN | _ i oy w. _ ' gy ' ' mm
v VL i Vv by MITTT 1. 18 Y 1 SRR : e I8
. _.q F N .“* _4_ . MR Hlevag i HRK
&Lt N i R il ol [
|~ll v —-fee o PR R R s 8 o N (e MR PaE ahet ._f.¢. el
Yoo 38 & H o8 o b I IS R e 1
gl s ¥ ST EEY T St R AR Y E PR PR O PR i o At
' [ NN n I A IR iR . iy
rlc. I IRTIL R 0ENEE RN R N N 15 IR FRAL RS B Ty
g co : S I FRRRY ERETE RRARY EINR1 11 401 AN AR ER: Cen "
V- atl . N A Y LERY SETA T HAe] PO I R iy
4l ths neund tnany anndi renen 1 % ranet plset Aier " :
Q- IR R H e < ¥
f gt v [ 1 (B8 N . [N i — ' Pyt i
: : ™ T ! " ; " 1
gL L 1 L R A L B R e T L H
b e e R H
~& RN T PADE Y RSN BERES BB A M T
R e SREE ST ELNR T AR MEH HH! S R EX CoalE :
Y AT S PR AR FEASE EAadN AR T N .
U T LT ER IR AR ER1 Y N N T TS T
“ o R R R SRR R AR e ! . .
o,..._F 1y RN TS N i b B e a_. ” .
Al T i ST T
1 . . - T B ' '
e : \ | ! Vo
T Ty 1R To : T
B S e TS
tt 1 1 ] S - ln.!.' - .ml;
.T-WI > v - I ; ™
pr i ! N .
I ...-. ) “ i ' .,_< .““ ' r l|— n.
H ! ) ! —l [ ' m I.— : ' :
e _ ,~ bl Al e St S e Rl mntes Dt IO AR 1 I R -
i i | AT YN TR ENA P s : :
l. _n_. i e ' I, il R B P o

‘o

141



i
i

LOAD: RANGE

i
i
i
i

ON BLOCK FUEL
ymp NM

YP'.AI

|
1
i
b
i
i
t

INE (ATRPLANE

NT

i

NSTA
120) LBS|

FG

H

!
1
1 1 i
- . J U S HUUSSU.
w | _ I L 1 _ |
\ I PR RIS L
_ F : : T
- | _ I s + N M S
: m s ; _ M. § b
— o = - - -
N R R B 1 5 T g
s . ! o Al ; - mn
+ R N T g
. m [ HE | ! «h 1.
i, fomod g =4 Suaed Bulhe : [¥ !
[Q L' n SE -
g : R R L T : W
W T ..smnww,,r. . oy g
m Sl Pl £ A4 chahrmbecl e | st B~
g - I Sy 321 - -
_ 0 R FREA Specseatas thant ' Mim rrm
I o Breg B e SE=] STEER PR e o2 2oy e - N
- TR S S st P Al NP o -2 MA_
lead JPUPRN -— e - -
pr... >- h TR 000 BT Seill rhxoy oon = it aal - -1 0
- I T S = S0 PREE PERE PEoul SOE 0 137 - oL
S] b JE: b ERNN RS poping BRESS Fadivw ol ' =
- 4o e AR <
J IN? ' ) g
- i !
=

QINL‘;LE1l ENG

EFFECT OF DRAG

FOR A

i
|
{
-t
|
|
CH
NT FL

a2,

e

TVALE

EQU

PR

I
——T'—-—J

P
4ot

R
|

L
8
1
T
S
14
1]
BER
b 1]
]
B o]
.
@
J._w__:L_ N
e o
}_

142



,
[ b m _ o
S N -
! . t i . . .
O [ 0 e () A 8
! _. i 4 ._n
N % 1
I 8 O O A T
L | gt S TS i
Su 7T il
¥ [ vppe g HAN
. 1 . v . H +
£ w -t T “__ - .__ ___ T
' S IR 58 Y . il
Nm aliesg _m..." THIH R dfing
Bre I BN B ST I R o CS T T ML TR
;ﬂ;R I I P NSRRI R
Hin . ! T T T
ey i STHE BME i ni
B F Al g, e
G,ﬂ 2 x.,._?-"m.iﬂﬂ.i. _W~ I :_ IHHE
pe Hegd A1 ST PR ERRRE R
- - lz.. 18 Kl ”_H(_ i «.” “;\AKJ. 14353 kX2 A
e NS IR = = 1t B N A ek
‘e R S SO I 0+ £ A8 ISR TS L .—;. |
e 1983 248 : TR AL L BT IAN
.:._ﬁ. N1 W.: Sl
T v L Bl S It NN kL L
P ol 2 I < - AU BRI IH N
' v s HIH BN P
L R BN B o lHI m;.__:m.;:f
i S P .mu“ m_: ._.I.:._:_
.{._ PR 1A REH I L B TTL
. . i | LS B hrpes i
: _ NI
- m I o : T anh m
F ._2 H Vel oy e o J ..n.. ««
N ' . s | S5 IR + N
Bl EEIE T T AH] PRl At b R
W . I S AR
:mﬂ,f%-xul-r. S PRt b SN TSET ek N LR
Q.. i v b e
L b .: “:. SR ST .w_ .“ [§ RR4
BN} . AR LN I R astRN
uli . T M 1 E I DR R
: o it e i T .
™ os volisS analll o - ST T TR T
W 4_« ; IR R HEIL R
e N N Vel i vt baprglerd
R Rl PR R R R
[} Py v vy by
- - [ d e 4r - :
v ! .I*l J o o S ,“. HH M.
: . o tyleo1 [
. o n i
breae g 1 o et e v oy —— T
1+ ! .o I AL il
: A . ' .
I ¢ . R DR SN
et A Tk 1 a8
T I (O M i . .8
R S N S ARNNENNES CARE FRANS LOCEI I ENEDY NN O M -1
H .t ' 1 v R ol
ol ! S S S S it
- ! . "1 N R ] IR K ' _.<:
iy o , _ , R BRNY EE
_ - -t r ot ' 1 .__“ e
: ' N )y 0 M v
f . SR K B ENSL) NN KRN Y
L] .

143




ATDS Airplane Sensitivity Charts

(Twin-Engine Airplane)

ORDINATE ABSCISSA
Takeoff Distance Versus Brake Horsepower
Maximum Takeoff Weight Versus Brake Horsepower
Rate of Climb at Sea Level Versus Brake Horsepower
Rate of Climb at 25,000 Ft Versus Brake Horsepower

Single Engine ROC at Sea Level Versus Brake Horsepower
Single Engine ROC at 5000 Ft Versus Brake Horsepower

Cruise Speed at 25,000 Ft Versus Brake Horsepower

Minimum Weight Required Versus Brake Horsepower

BEW Versus Brake Horsepower

Range Versus Brake Horsepower

Minimum Weight Required Versus Specific Fuel Consumption
BEW Versus Specific Fuel Consumption
Range Versus Specific Fuel Consumption
Maximum TOGW Versus AEngine Weight )
Rate of Climb at Sea Level Versus ADrag

Rate of Climb at 25,000 Ft Versus ADrag

Single Enginé ROC at Sea Level Versus ADrag
Single Engine ROC at 5000-Ft Versus ADrag

Minimum Weight Required Versus ADrag
BEW Versus ADrag
Takeoff Distance "Versus ADrag
Cruise Speed at 25,000 Ft Versus ADrag
Takeoff Distance Versus Takeoff Gross Weight
Rate of Climb at Sea Level Versus Takeoff Gross Weight
Rate of Climb at 25,000 Ft Versus Takeoff Gross Weight

Single Engine ROC at Sea Level Versus Takeoff Gross Weight
Single Engine ROC at 5000 Ft Versus Takeoff Gross Weight
Cruise Speed at 25,000 Ft Versus Takeoff Gross Weight
Stall Speed % Versus Takeoff Gross Weight
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ATDS Airplane Sensitivity Charts

(Twin-Engine Airplane Contd)

ORDINATE

Block Fuel
Block Fuel
Block Fuel
Direct Operating Costs

Versus
Versus
Versus
Versus

ABSCISSA

Specific Fuel Consumption
AEngine Weight

ADrag

AEngine Weight
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VITLE : PAGE

PREPARED BY DATE Gssna. REPORT O ___ __._ —_

CHECKED BY DATE REVISION MODEL —_

CESSNA AIRCRAFT CO PAWNEE DIVISION WICHITA KANSAS
PRICING

The selling price (for purposes of estimating the value of new models) is
considered to be the sum of 3 components-

1. The base price - that which is manufactured by Cessna (also accounts for
minor purchased parts);

2. The powerplant contribution to the price - includes engine, propeller, and
governor; and

3. The part of the price attributable to optional equipment (of which avionics
account for about 50% of the value).

The base price is computed by-

Base Price = a(Wgp)P(Vyuy) S (Sw) o (eW)®

vhere a = 7.268188*%10°%
b = 1.06942
¢ = 1.05600
d = .65289
e = .22723

This i{s an emperical equation generated by applying a least squares regression
analysis to the existing 1981 Cessna fleet. (The constant is valid only for
pressurized afrcraft.) The factors in the above equation are:

Wgp - Dry Empty Weight minus Weight of Powerplant (engine, governor, propeller)
VMAX - Maximum Speed_(knots)

Sy - Wing Area (ftz)

GW Takeoff Gross Weight (1lbs)

Values of these factors for each plane and the resulting base price are shown in
Table II-1,

The price increment attributsble to the powerplane is very difficult to estimate
since {t involves estimating the OEM cost not only of the engine but the propeller
as well. Then the markup applied to the powerplant of that individual airplane

must be considered. When the engine is not only mew but is of a type not previously
used in production aircraft the job becomes virtually impossible to do withk sny
degree of certainty. Based on existing products and the fact that these are

larger engines than now used in most Cessna products an increment of $35,000 per
engine was chosen for all engines in the study.

The price increment attributable to optional equipment varies widely depending on
the equipment chosen. Airplanes of this category can normally be expected to be
equipped with radar, airconditioning, and a de-icing package in addition to the
usual avionics and interiors. Based on present Cessna prices for equipped planes
that include these features an increment of $48,000 was chosen for the single
engine planes and $82,000 for the twin engine planes.

The total estimated selling price is shown in Table AII-1.
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TITLE : SAGE

PREPARED BY DATE Sna. REPORT NO
CHECKED BY DATE REVISION MODEL
CESSNA AIRCRAFT CO PAWNEE DIVISION WICHITA KANSAS

DIRECT OPERATING COST

The components considered in generating DOC and an outline of how they are
generated are shown in Table AILI-2. The following discussion covers how these
values were calculated in this study.

For the engines considered herein no data was available to accurately estimate
the cost of either the engine periodic maintenance nor the reserve for engine
overhaul. Values of $9/engine and $8/engine were chosen which are in line with
the current values for the larger TSI0O-520's.

Propeller overhaul, airframe maintenance and systems maintenance are calculated
as shown. The factors used in the emperical curve fits for the last two
components are shown in Table AII-3.

Hull and 14{ability insurance rates are found in Table AII-4. The rate for the
single engine aircraft is .0160 and for the twin §fs .0150. A utilization of
500 hours/year was assumed for both.

Fuel cost was calculated assuming' & Eost of $1.70 per gal, & density of 6 1b/gal,
a BHP in cruise of 250, and the SFC's shown in Table AII-3.

The oil consumption was assumed to be .1 GPH per hour per engine at a cost of
$6/gallon.

Depreclation is based on the total alrcraft selling price. It {s, therefore,
not independent of the assumed price for the engine,

Reserves for avionics was based on assuming that avionics accounts for 507 of
the optional equipment price.

Table AII-5 shows the values of each component of the DOC and the total for
each plane.
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TITLE - FAGE e
PREPARED BY DATE &ssna. REPORTNO o

CHECKED 8Y DATE REVISION MCDEL .
CESSNA AIRCRAFT CO PAWNEE_DIVISION WICHITA KANSAS
TABLE AII-1
FACTORS USED IN COMPUTING AIRCRAFT PRICE
SINGLE ENGINE TWIN ENGINE
TSI0-550 RC2-47 RC2-32 TSIO-550 RC2-47 RC2-32
Wep 1910.4 1630.0 1615.6 2314.5 2084 1 2038 3
VMax 209 1 249.5  252.8 243.3 275.4 279.5
Sy 177 150 142.5 170 162.5 154.5
GW 4550 3900 3775 6625 5650 5375
Base Price 131677 116053 113171 203799 191644 182601
Powerplant Price 35000 35000 35000 70000 70000 70000
Optional Equip Price 48000 48000 48000 82000 82000 82000
Total 214677 199053 196171 355799 343644 334601
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TABLE AII-2
DIRECT OPERATING COSTS FOR GENERAL AVIATION AIRCRAFT
- 1981 Estimate
1) ENGINE PERIODIC MAINTENANCE

Use past experience (i.e. similar engine/airframe combination) or
engine manufacturer's estimate.

Otherwise use:

Number of labor hours for 100 hour inspection x labor rate
100

Then double this answer to account for parts.

Labor rate right pow runs $20/hour S/E
$25/hour M/E
$30/hour Turboprops

*Turboprops must be considered under a different formula. Instead of
being inspected every hundred hours, they undergo a series of Hot
Section Inspections during the overhaul period. These are usually
of considerably greater time than 100 hours. For some engipes the
work scheduled for each HSI is different as the time from last over-
haul increases.

filters, igniters +
L (cost of labor + cost of parts) for HSI's + misc. \labor not included in HSI
TBO

2) RESERVES FOR ENGINE OVERHAUL

The assumption (conservative) is made that every other overhaul will
require, instead of an overhaul, a remanufactured engine. Therefore:

(overhaul cost + cost of remanufactured engine)/2

TBO
*For Turboprops:
allowance for premature removal** of
engine and engine accessories*** and
overhaul cost (labor + parts) + engine componentskhia

TBO

*Information not given to Curtiss-Wright by phone in January
#*Allowance for engine removal amounts to 1/5 to 1/2 of engine overhaul cost
Rk*Starter genmerator, etc.
*k**Tyrbines, nozzles, etc.
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3)

4)

5)

6)

7)

8)

9)

10)

TABLE AII-2 (CONTINUED)

PROPELLER OVERHAUL

Propeller ‘_"—___——"' DOC (S/Fr
fixed Pitch LSE .

&3-.______ill
S/E Controllable HPSE 60—
Centurion clags B2 ——em—esy

H/E controllable (per propeller) .90

AIRFRAME MAINTENANCE
This number {s based on a parametric fit of the available datz.

DOC = 1,472 + .000534 TOGW - ,000373 BHP (Total
+2.774 (only for twins) + 1.878 (only 1if pressurized)

INSURANCE (HULL + LIABILITY)
See attached charts
FUEL COST

DOC = price x gal per (present price of AV gas is calculated at $1.30 gal)
gal hour

OIL COST

DOC = price x GPH used (present price of oll is $6/gal which also accounts
gal for cost of oil filter)

or alternately use

DOC = actual price x GPH used + cost of filter
gal (including ¢ hrs between filter change
both consumed
and lost during
change)

DEPRECIATION

= Total equipped airplane price i.e. discounted to zero residual in
7.5 x utilization rate/year 7.5 years

RESERVES FOR AVIONICS

107 of total avionic package (standard + optional)
1000

RESERVES FOR SYSTEMS MAINTENANCE
DOC = -.513 + 000803 TOGW + 1.109 (if pressurized)

Again this {s a parametric fit of available data
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TABLE AII-3
FACTORS USED IN COMPUTING DIRECT OPERATING COST

SINGLE ENGINE TWIN ENGINE
TSI0-550 RC2-47 RC2-32 TSI0-550 RC2-47 RC2-32
TOGW 4550 3900 3775 6675 5650 5375
BHP 707 350 320 320 700 640 640
Price 214677 199053 196171 355799 343644 334601
Optional Equip Price 48000 48000 48000 82000 82000 82000
SFC 446 .37 .355 446 371 .355

Transporiation Anjlysis Plan
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INSURANCE RATES AFPLILABLE TO 198i CESSNA MODELS
October, 1980

TABLE AII-4

Pleasure & Business Rates For Well-Qualified Pilots:

Hull Vvalue Single Engine Rate Multi-Engine Rate

$15,000 - 24,999 3.002

25,000 - 39,999 2.75

40,000 - 359,999 2.50

60,000 - 99,999 2.00

100,000 - 149,000 1.75

150,000 - 200,000 1.60

150,000 - 299,999 1.752
300,000 - 499,999 1.50
500,000 - 750,000 1.35
750,000 - 1 Mil. 1.10

1 Mil - 1.5 Mil. 1.00

Legal Liability limit of $5,000,000. combined single limit.

Seats Annual Premium

$ 575
675
725
825
975

1,075
1,175
1,250

OV WVD

bt

Transporation Anjtysts Plan
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“ITLE N\ PAGL o
;

BREPAREC £V DATE CCSSﬂ&o REPLATIO

CrECH CL BY DATE REVISION oo MITREL O —

PAWNEE DIVISION WiLHITA KANS.¢

CESSNA AIRCRAFT CO

TABLL AII-5
DIRECT OPERATING COST

SINGLr, ENGINE TWIM ENSINE
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TSID-550 RC2-47 RC2-32 TSI0-550 RC2-47 RC?-32
Engine Maintenance 9.00 9.00 9.00 18.00 18,00 18 00
Engine Cverhaul 8.00 8.00 8.00 16.00 16.00 16.00
Propeller .82 .82 .82 .90 .90 .90
Alrframe 5.65 5.31 5.25 9.92 8.90 8.76
Insurance Liab 1.45 1.45 145 1.65 1 65 1.65
Insurance Hull 6.87 6.37 6.268 10 67 10.31 10.44
Fuel 31.59 26.28 25.15 63.18 52 56 50 29
oil .60 .60 -60 1.20 1.20 1.20
Dep 57.25 53.08 52.31 94.88 91.64 89.23
Res for Avionics 2.40 2.40 2,40 4.10 4.10 4.10
Systems 4 25 373 3.63 5.92 5.13 4.91
Total 127 88 117,04 114.89 226.42 210.39 205 08





