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a- 
An experhntal Single Cylinder Test Engine Program was conducted to coafinn the 
analytically projected performance of a two-rtroke cycle diesel engine fo r  aircraft 
applications. The test engine delivered 78kW indicated p o n r  from 1007cc dis- 
placennt. op.rating at 3500 RPlf on Schnuerle loop scavenged two-stroke cycle. 
Testing coaftrwd the ability of a propoaed 6-cplinder o*rrion of such an engine 
to reach tLe trrgut pwer at altitude, in a high!.: turbocharged configuration. 
The experimental program defined all necessary Dar8meterr to penairs detailed 
derign of a o?rlticylinder engine for evcntul flight applicationr; including 
injection r y s t a  requlrenent, turbochorging, heat rajection, breathing, scavenging, 
oad stnrctural requirements. 

1bol.mpUcta- 

B e  a~lticpliador engine concept ia configured to operate witb an augmented 
turbocharger, but vith no primary scavenge blower. The test prDgram was oriented 
t o  provide a balanced turbocharger cmpressor to turbine power balance witnuut 
an auxiliary rcavenging sprtem. Engine cylinder heat rejection to the ambier.t 
air has been significantly reducad and the minimum overall turbocharger efeiciency 
required la v i th in  the range o f  ccmmrcially available turoochargcrs. 
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1.0 SU?lnARY 
A Single Cylinder Test Engine (SCTE) program has been 
conducted to confirm the analytically projected performance 
characteristics of a two-stroke cycle diesel engine for 
aircraft application. 

The engine was of a high power density configuration 
delivering 78kW indicated power from 1007cc displacement and 
operating at 3500 RPH cn Schnuerle loop scavenged two-stroke 
cycle. 

Testing confirmed the projections for a proposed 4-cylinder 
version of such an engine to deliver the target brake power 
of 268kW at 6,100111 and 186kW at 7800m altitude in a highly 
turbocharged configuration. Indicated specific fuel 
consumption data as low as ZOOgm/kW-hr have been 
demonstrated in an operational SCTE at this power level. 
The projected multicylinder brake specific fuel consumption 
is 23OQm/kW-hr. A mechanical efficiency of 87% for the 
multicylinder engine is required to reach t h i s  goal, This 
is well within the current state-of-the-art. 

The experimental program defined all necessary parameters to 
permit a detailed design of a multicylinder engine for 

. eventual flight applications. Injection system 
requirements, turbocharging, heat rejection, breathing, 
scavenging, and structural requirements of the engine are 
discussed. 

The multicylinder engine is configured to operate with an 
augmented turbocharger, but with no primary scavenge 
blower. However, because of the fuel consumption penalties, 
it is highly desirable to operate without turbocharger 
augmentation whenever possible. Therefore, the test program 
was oriented to provide a balanced tarbocharger 
compressor/turbine power requirement withouc auxiliary 
scavenging systems. 

During the test program, engine heat rejection was reduced 
from 2i% of the input energy to 7.8% at 9 bar IMEP at 3500 
RPM These numbers are based on indicated power and do not 
reflect engine friction. This reduced cylinder heat 
rejection, has in turn, increased the temperature of the 
exhaust gas available to the turbocha:yer cnd, therefore, 
reduced the minimum overall turbocharger efficiency to 52% 
a t  this power cruise condition. This is within the range 
for commercially available turbochargers. 

In addition to the experimental hardware testing, analytical 
studies and finite element modeling was made of various 
insulated configurations of the engine - including both 
ceramic and metallic versions. A second generation test 
engine was designed based on test results obtained w i t h  the 
first generation hardware. 
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2 0 INTRODUCTION 
This final report presents the results of a multiyear 
analytical and experimental study sponsored by National 
Aeronautic8 and Space Administration (NASA), Lewis Research 
Center (NASA-LeRC). The study was conducted under contract 
NAS3-22218 by Teledyne Continental Motors, General Products 
Division (TCW/GPD) to investigate the feasibility of 
applying engines based on the  diesel cycle to general 
aviation aircraft. 

Design data, hardware descriptions, experimental Single 
Cylinder Test Engine (SCTE) results, and multicylinder 
engine gerformance projections are presented. Evaluations 
of current shortcomings and recommendations for future 
programs are also included. 

The material presented in this report is divided into the 
following 3 volumes: 

0 Volume I - Design and Analysis 
Sections 1, 2, and 3 

0 Volume Ii - Development 
Sections 4, 5, 6, 7, and 8 

0 Volume I11 - Appendicies (including finite element 
studies). Section 9 

2 . 1 Backsround 
Since 1978 TCM/GPD has conducted several analytical and 
experimental studies for NASA-LeRC relative to aircraft 
applications of diesel engines. These past studies 
evaluated technical feasibilities and potential economic 
benefits in terms of fuel consumption, multifuel operation, 
improved performance, lower costs and extended life. 

Prior to awarding of this current contract, TCM/GPD 
completed an engine design study (Contract No. NAS3-20830) 
which identified the two-stroke cycle radial diesel concept 
as the best alternative configuration for aircraft 
applications. That original study contrzct was initially 
completed for engine performance levels 3f 150 and 300 kW's 
(Report CR3260). (Reference 1) . Both engines were of 
two-stroke, loop scavenged design. One wes four, and the 
other a six-cylinder configuration. Concurrent to the 
design study, NASA, in conjunction with the general aviation 
industry, evaluated the impact that the proposed engine 
configuration and performance goals would have on existipa 
and fcture aircraft performance. (Reference 2 and 3). 
InstaLlation possibilities in both single and twin engine 
aircraft were verified. As a result of the perfcJrmance 
cvaluation, a new power level requirement of 186 net kW's 
was defined. Therefore, in response to NASA's request, 
TCM/GPD designed a third 186 net kW engine configuration 
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(Reference 4 ) .  That des ign  was t h e  t e c h n i c a l  base  used i n  
t h i s  c c n t r a c t  f o r  des ign ing  and t e s t i n g  a S i n g l e  Cyl inder  
T e s t  Engine (SCTE) v e r s i o n  of t h e  l8CkW eiigine. 

3.2 Previous  Aircraft  Diesel Enaines  
Some forms of a i r c r a f t  d i e s e l  eng ines  d a t e  back i n  h i s t o r y  
t o  t h e  1930's. For proper  p e r s p e c t i v e  of t h i s  c u r r e n t  
s tudy ,  a s u r v q  is inc luded  of p rev ious  a i r c r a f t  d i e s e l  
engines .  Table  I shows a l i s t i n g  and d e s i g n  d a t a  of 
a i r c r a f t  d i e s e l  engines .  No clear t r e n d s  fo l low from t h i s  
t a b u l a t i o n .  Seven of t h e  t h i r t e e n  eng ines  have a r ad ia l  
c o n f i g u r a t i o n ,  seven were a i r -cooled ,  e i g h t  were two-stroke 
c y c l e  . 
The t a b u l a t i o n  becomes more meaningful i f  s p e c i f i c  r a t i o s  
are used. (See Table  11). 

Some obse rva t ions  can be made from t h e  Tab les  I and 11. 
Average s p e c i f i c  weight v a l u e s  are: 

Four-s t roke c y c l e  engines  1.408 kg/kW 
Two-stroke c y c l e  eng ines  1.071 kg/kW 
Air-ccoled engines  1.277 kg/kW 
Liquid-cooled eng ines  1.082 kg/kW 

The numbers i n d i c a t e  t h a t  a two-stroke c y c l e  engine  can be  
expected t o  be l i g h t e r  t h a n  a fou r - s t roke  c y c l e  engine.  A 
comparison of a i r -cooled  and l i q u i d  engines  would seem t o  
f avor  t h e  l iqu id-cooled  engine.  However, t h e  engine  weights  
of l iqu id-cooled  engines  do n o t  i n c l u d e  t h e  weight of  t h e  
c o o l i n g  package, which accounts  f o r  approximately .160 
kg/kW. The c o r r e c t e d  v a l u e s  then  becoIce: 

Air-cooled engines  
Liquid-cooled engines  

1.277 kg/kW 
1.242 kg/kW 

The c u r r e n t l y  proposed a i r -cooled  engines  apply  modern 
t echno log ie s  t o  improve on t h e s e  s p e c i f i c  numbers. 

2.3 ScoDe of W ork gnd Prour am Plaa 
The s p e c i f i c  tasks  t h a t  were a c t u a l l y  performed i n  t h e  
execut ion  o f  th i . s  c o n t r a c t  c o n s i s t e d  of t h e  fol lowing:  

Y S i n g l e  Cgl inder  T e s t  Engine (SCTE) Design 

- Cycle s imula t ion ,  performance p r o j e c t i o n ,  
f u e l  i n j e c t i o n  and turbocharg ing  requi rements  
d e f i n i t i o n  

- Thermal -  s t ruc tura l ,  and aerodynamic des ign  
of t h e  c y l i n d e r ,  p c r t s ,  p i s t o n s ,  and 
combustion chamber 
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TABLE 1 
Previous Aircraft Diesels 

Make 

I Packard 
2. Guiberson 
3 Oescharnps 
4 Sristol 
5 Zbrolovka 
6 Hispano 
7 Saimson 
d Mercedes 
9 Junkers 

10 Junkers 
: 1 Junkers (1)' 
12 Napier (2)' 

No. Eon 
Model Config. Cycle Coollng Cyl. mm 

OR980 
A980 

Phoenix 
ZOD 
Clerget 14F2 
SH18 
OF2 
204 
205 
207 Turbo 
NOmad 

Radial 
Radial 
3 0 ' A  
Radial 
Radial 
Radial 
Radial 
6o 'V  

OPPOSW 
opposed 
opposed 
Flat 

4 

4 
2 
4 
2 
4 

2 
4 

2 
2 
2 
2 

13 McCulIoch (3)' TRAD-4180 Radial 2 

air 3 122 
air 9 122 
liquid 12 152 
air 9 146 
air 9 120 
air 14 140 
ai; 18 118 
liquid 12 165 
liquid 6 120 
liquid 6 105 
Iiquld 6 105 
I:quid 12 152.4 
u r  4 3 4 3  

Strokm Dirpl. Compr. 
mm 1 Ratio 

152 16.1 16:l 
152 16.1 14 7.1 
229 50.5 16:l 
190 2075 14.1 
130 132 151 
160 345 15.1 
150 295 16:l 
210 539 15 1 

2 x 2 1 0  2875 171 
2 x 180 16.6 16.1 
2 x 160 16.6 16.1 
187.33 41 0 16.1 
98.43 3.0 1 5 1  

Power 
kW RPM 

174 2050 
155 2050 

loo0 1750 
318 2000 
207 1600 
518 2200 
481 '700 
592 1790 
570 1800 
444 2200 
740 3Ooo 

1984 2050 
150 2850 

wgt. 
kg Year 

231 1930 
231 193? 

1009 1934 
494 1934 
297 1935 
MH) 1935 
567 1935 
935 1935 
750 1935 
510 1926 
644 1938 

1624 1953 
149 1970 

'Numbers in parentheses refer to list of relorences at the ena of this report 

Make 

TABLE 11 
Specific Data of Previous Aircraft Diesels 

BMEP SP-d 
Piston Plslon Heat 

Load Spec. Power Spcrc. Power 
CVCIO YE kPa d S S C  kW/cm* kWlf kWIkg 

Packard 
Guiberson 
Deschamps 
Bristol 
Zbrojovka 
Hispano 
Salmson 
Mercedes 
Junkers 204 
Junkers 205 
Junkers 207 
Napier 
McCulloch 

4 

4 

2 
4 

2 
4 
2 
4 

2 
2 
2 
2 
2 

1.246 
1246 
1 M I  
1.341 
1.083 
1143 
1271 
1273 
1 750 
1524 
1.524 
1.229 
1 .Ooo 

633 
564 
679 
w 
588 
819 
575 
736 
661 
729 
892 

1416 
1053 

10.39 
10.39 
13 36 
12.67 
6.93 

11.73 
8 50 

12 53 
12.60 
11.73 
16.00 
12.80 
9.35 

.165 
,147 
459 

2 1  1 
.203 
243 
24 4 

23 1 

420 
.427 
,712 
,906 
493 

10.81 
9 63 

19 80 
11.06 
15.68 
15 01 
16 31 

10 98 
19 83 
26 75 
44.58 
48 39 
50. 00 

75 
67 
92 
.64 
.70 
.86 
a5 
65 
76 
07 

114 
122 
101 
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0 Running Gear Detailed Design 

- Mechanical design of rod, bearings, pins, 
cylinder-to-base engine adaptation, injection 
pump drive, lubrication and cooling 

0 Procurement and Fabrication of Initial Set of SCTE 

- Three cylinders and several sets of operating 
components based on the original design were 
fabricated and procured under this task 

Corn ?on en t s 

Assembly, Set-up, and Acceptance Tests 

- The running hardware procured above was 
assembled to the OCM owned LABECO sicgle 
cylinder test base. 

- Initial operational tests were conducted to 
confirm the cak\ability of the system to run 
the test program and obtain valid data. 

0 SCTE Baseline Test and Performance Evaluation 

- Scavenging and breathing tests of the three 
initial port designs were run for comparison. 

- Cylinder cooling and lubrication requirements 
were defined 

- Mechanical operating characteristics were 
defined for rings, piston wrist pin bearings, 
piston/cylinder clearances, etc. 

- Testing was conducted to define the power 
levels available from the original design 

0 Full Power Performance Evaluation 

- Adapted high pressure mechanically driven 
injection pump to allow operation up to full 
jesign indicated horsepower ( I H P ) .  

- Conducted high power tests 

- Procured an electronically controlled, 
hydraulically amplified h i g h  pressure fuel 
injection system (HPFIS) 

0 HPFIS Injection/Combustion System Characterization 

- Performance testing was done with the 
mechanically driven, close coupled HPFIS.  
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The hydraulically amplified system experienced 
much developmental problems on the test bench 
and was never engine; tested. 

- Cycle analysis work was conducted to refine 
performance parameters (UMIST Program). 
Experimental data was obtained for correlation. 

- A,ijection system was optimized with regard to 
timing, burn rate, etc. based on both cycle 
simulation and experimental data. 

- Minimcm cooling flow requirements were defined 
and high temperature synthetic lubricants were 
evaluated. 

- Heat rejection was minimized with the use of 
insulated designs using conventional materials 
and air gap insulation techniques. 

- Detailed thermal and structural character- 
istics of the engine were modeled by finite 
element techniques . 

0 Cylinder Air Utilization 

- Cylinder breathing character: ,tics, manifold 
design, port sizing, reed valve potential, etc. 
were evaluated by cycle simulations and 
compared to experimentally observed data. 

- Turbocharging requirements were defined and 
minimized within the thermal limitations of the 
metallic cylinder desisn. 

Insulated Component Test Engipe Design 0 

- The goal of this task was to provide maximum 
heat to the exhaust for energy recovery This 
engine required an insulated combustion 
chamber. Under this task two versions of the 
test engine were designed: 1) an insulated 
configuration utilizing monolithic ceramics, 
and 2) a cooled metallic version using design 
techniques to minimize heat rejection. 

- Finite element modeling was conducted to define 
the of thermal and structural characteristics 
using ceramic insulating materials, and a l s o  
using state-of-the-art materials with air gap 
insulations. 

- Mechanical design of major components 
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e Insulated SCTE Procurement 

- The metallic (minimum cooled) configuration of 
this second generation engine design was 
procured, 

- Ceramic hardware was not procured; and assemtly 
and testing of the second generation engine was 
deleted from the program due to funding 
limitations. 

e Multicylinder System Performance Projections 

- Prsjected friction characteristics 

- Propeller load power curve definition 

- Projected higher speed operatior. 

- Turbocharger power 5alance for the 
multicylinder engine 

0 Final Report 

- A detailed final report was prepared describing 
the program results obtained, conclusions 
reached and recommendations made regarding 
future work . 

This entire experimental program was conducted by TCM/GPD at 
its facilities in Muskegon, Michigan. The finite element 
thermal and structural modeling :OK the program was done 
under subcontract to TCM/GPD by Analysis and Design 
Applications Cmpany, Ltd, (ADAPCO) of Meiville, New York. 
The Appendicies of this report include complete final 
repor's prepared by ADAPCO describing their finite element 
studies. 

Bendix, Engine Products Division of Sidney, New York 
designed and fabricated the electronic HPFIS under 
subcontract, and their final report is also included in the 
Appendix. In addition, AVL, Inc. of Graz, Austria conducted 
some of the preliminary design work under subcontract to 
TCM/GPD. Their work is integrated into the report. 

2 .4  Sianifjcance of This Project 
It is evident from the list of past aircr?.ft diesel engines 
in 2.2, and the results of the previously cited studies, 
that diesel engines for aircraft propulsion can be 
successfully applied. 

However, the introduction of such eilyinerj into commercial 
applications will require significantly nore than 
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demonstrat ion of t e c h n i c a l  f e a s i b i l i t y .  %her  s t u d i e s  
(Refcrence 5 )  have found s i g n i f i c a n t  o b j e c t i o n s  t o  t h e  
a p p l i c a t i o n  of diesel engines  t o  a i r c r a f t .  I n  t h e  i n t e r e s t  
of p re sen t ing  an unbiased p i c t u r e  of bo th  s i d e s ,  t h e  
fo l lowing  d i r e c t  q u o t a t i o n s  are  included from R e f e r p v e  5 
which p r e s e n t s  some of t h e  n e g a t i v e  a s p e c t s  of A a d h  a 
propuls ion  system. 

"Technology and concepts  f o r  simple c y c l e  engines  art? 
w e l l  e s t a b l i s h e d  in t h e  a v i a t i o n  community, &nL a.-" GPW 
concept  w i l l  have t o  overcome a n a t u r a l  resistax-€ :e 
chanqe u n l e s s  it is shown t h a t  t h e  new concept  i ~ .  vcfy  
c l e a r l y  super ior . '  

'If t h e  weight and mechanical r e l i a b i l i t y  of advanced 
diesel ' s  are shown t o  be as p r o j e c t e d  f o r  w e i g h t :  and 
comparabl ' t o  t u r b i n e s  f o r  r e l i a b i l i t y ;  t h e  f a v o r a b l e  
f u e l  e f f i c i e n c y  and o t h e r  b e n e f i c i a l  c h a r a c t e r i s t i c s  
ava i - ab le  from diesel  engines  a r e  s i g n i f i c a n t  enough t o  
wa r r a n t  s e r i o u s  c o n s i d e r a t i o n s  f o r  a i r c r  f t  
a p p l i c a t i o n . "  

'Mechanical r e l i a b i l i t y  i s  a s p e c i a l  concern because,  
h i s t o r i c a l l v ,  r ec i p r oca t i ng engines  have no t  
demonstrated e i t h e r  t h e  i i f e  o r  t h e  i n f l i g h t  r e l i a b i l i t y  
t h a t  t u r b i n e s  are now experiencing."  

' If  a i r c r a f t  diesel  engines  are  fundamental ly  l i m i t e d  t o  
s e r v i c e  l i v e s  of s e v e r a l  hundred hours ,  a s  compared t o  a 
few thousand hours f o r  t u r b i n e s ,  t h i s  would be a s e v e r e  
o b s t a c l e  t o  overcome." 

The  des ign  and t e s t  program undertaken i n  t h i s  c o n t r a c t  is 
t h e  f i r s t  s t e p  i n  an a t tempt  t o  address whe the r  t h e  
p r o j e c t e d  performance parameters  can be demonstrated i n  
actual o p e r a t i n g  hardware. Once demonstrated,  t h e  q u e s t i o n s  
of weightv  reliabiJ.,;y, and d u r a b i l i t y  may begin t o  be 
explored and eva lua ted .  

As w i i l  be shown i n  t h i s  r e p o r t ,  t h e  performance parameters  
i n i t i a l l y  p r o j e c t e d  were indeed reached i n  an experimental  
s i n g l e  c y l i n d e r  t e s t  engine  (SCTE) 
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3.0 ENGINE DESIGN AND CYCLE ANALYSIS 
This current program is a follow-on to the design and 
analysis of a previous contract NAS3-20830, reported in NASA 
CR3261 (Reference 4) . Using that four-cylinder er,gine as 
the base, additional computer generated studies were made of 
the multicylinder engine to confirm those preliminary 
results. In addition, detailed mechanical designs were made 
of actual SCTE hardware which was ultimately tested. AVL of 
Graz, Austria - a consulting and design firm with 
acknowledged expertise in two-stroke cycle engines - 
conducted these iDitia1 aesign studies under subcontract to 
TCM . 
Subsequently, further detailed computer analyses was made by 
TCM to expand upon the AVL studies. The following elements 
of this Section 3 describe first, the AVL projectims and 
second, the extended TCM analysis of performance beyond the 
aziginal AVL design. 

These compter 5encrated parametric studies were the basis 
for guiding the subsequent e:<?erimental programs. 

3.1 Pr- Desiun an d Cvcle An alvs is 
The mclticylinder engine was designed to meet the following 
criteria: 

e Represent the projected technology level of the mid 
1930's. The most important performance parameters 
that determine engine size and technology level are 
bNEP and piston speed. The chosen values were: 

BMEP = 11 to 12 bar 
Piston speed = 12 to 13 m/sec 

These criteria resulted in the following engine 
data: 

Bore 
Stroke 
Number of cylinders 
Displaceaent 
RPM 
Gross take-off Fower 
BMEP 
Piston speed v 
BMEP x v P 

P 

108 mm 
110 mm 

4 

3500 
4.031 liters 

268 kW 
11.70 bar 
12.83 m/sec2 

147 kg/cm x 
m/sec 

0 Have a configuration that meets conditions that are 
critical for an aircraft engine: 

Low Weight 
Low Drag 
Smsli Volume 
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0 Heet or exceed performance targets: 

- Be fuel efficient, better than any existing 

- Have multifuel cakability 

aircraft powerplant. 

0 Designed to integrate with existing aircraft with 
a minimum of modifications 

0 Contribute to longer time between overhaul tTBO), 
i .  e. must have reliability ar,d low maintenance 
and repair time and cost. 

The Figures 3.1.1 and 3.1.2 show the multicylinder engine 
concept design which incorporated these basic reauirements. 
It features: 

Radial cyliader configuration. This configuration 
results in a short crankcase, and contributes greatly 
to reduced engine weight. Also, there are no free 
inertia forces due to the cylinder arrangement, 
therefore, the engine should be relatively vibration 
free. 

Tvo-stroke cycle operation. Two-stroke cycle engines 
have a high power/displacement ratio. For a given 
power level, this means a smaller and lighter engine. 

Loop scavenge systems: The Curtis loop system vas 
initially chosen (later changed to a Schnuerle System 
because of its higher scavenge efficiency) because 
loop scavenging does not utilize valves. As a 
result, the cylinder height is lower, which reduced 
frontal drag and high engine speeds are possible, 
uninhibited by valve train inertia. Figure 3.1.3 
shows the principle of both the Schnuerle and Curtis 
loop systems. 

Pour cylinders were chosen because this is the 
maximum number that can be located in one plane on a 
single crankpin for the bearing loads anticipated. 

Limited cylinder cooling, the extent of which was to 
be determined in the course of the developmental 
prog ram. 

Reduction of the cylinder cooling puts more energy 
into the exhaust gasr and therefore, improves the 
turbocharger energy balance. Also, it results in 
less cooling drag. Finally, higher gas temperatures 
make the engine less sensitive tc the quality of the 
fuel . 
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0 Capability to run turbomachinery independent of the 
engine. A two-way valve in the '.ntake manifold, a 
combustor, and a separate starter allow the 
turbocharger to run in an APU mode. This mode is 
applied at starting and low load operation of the 
main epgine. 

0 High pressure injection system which provides a 
highly atomized fdel into the cylinder. This results 
in intensive mixing of fuel and therefore: 

- efficient combustion of the fuel 

- short ignition delay and sultif+el capability 

- short combustion period and low BSFC 

3.2 inder Cvcle Sim ulatian ap d Sinsle CvlindeE Multi - cvl 
Test Enaim Desiqn 
The design and 2reliminary performance calculations reported 
in NASA CR3261 (Reference 4) were used for a computer 
generated performance analysis of the multicylinder engine. 
The results of that analysis were then applied to the design 
of the single cylinder test engine. 

In designing the Single Cylinder Test Engine (SCTE) TCM 
L ilized the services of AVL, Graz, Austria. This section 
(3.2) described their input into the inital hardware design - both in terns of thermodynamic analysis and mechanical 
design. This design becane the initial starting point f o r  
the subsequent hardware oriented experimeccal program. 

3.2.1 Mul t  m n d e r  . CvcLe S imulat io n. Cycle calculaticns 
were carried out for these engine operatins conditions: 

F,rl power takeoff (sea level) 268.1 kW/3500 RPM 
Full power cruise (7620m altitude 194.0 kW/3500 RPM 
Reduced power cruise (7620111 altitude) 129.0 kW/2650 RPM 

The engine power f o r  the two cruise modes included the power 
required for the blower to pressurize the cabin air. The 
new shaft powers (input into a propeller) are 
correspondingly lower by 7.47 kW. 

?he alternator consuming 3 . 7 3  kW, was assumed to be driven 
by the turbine. Therefore, the turbine h - s  to sup2ly a 
correspondingly surplus power at every operating condition. 
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Assumptions made were: 

Turbocharger efficiencies: 

= 79 to bD% 
= 78 to 79% Qat = 90 to 99% qrn 

Compressor (adiabatic) ac Turbine (ediabatic) 
Mechanical 

Overall turbochaxger efficiency 7 = q  x 
x qm was therefore between 60:% and 85.58 Qat 

Maximum compressor pressure ratio: 
condition 

7.25:l at cruise 

A variable turbine nozzle area was assumed. 

Engine friction mean effective pressures including oil 
pump and fuel injection were projected at: 

3500 RPM FMEP = 1.1 bar 
2650 RPM FMEP = .9 bar 

These friction mean effective pressures were assumed from 
BMEP data found with Am's high speed, two-stroke diesei 
engines and represent opt.imistic values. 

3.2.1.1 H u m  inder Perfor mance Analvsig . Improvements 
were expected during the engine development. Favorable 
conditions and efficiency factors were therefore assumed for 
the analysis and calculations, especially with regard to: 

0 Flow properties of the ports 

0 Brr'iciency of scavenging and filling of the cylinder 

0 Combustion (Injection, nixture formatim, rate of 
heat release) 

3.2.1.1.1 Port Desiq. Specific data 3n the intake and 
exhaust ports as reccmmended by A V I  are shown in Table 111. 
The geometrical areas of the inlet and exhaust ports versus 
crank angle are shown in Figure 3.2.1. The port ..~eas in 
.Figure 3.2.1 are defined 3s the cross sections perpendicular 
to the mean direction of a port. 

3.2-1.1.2 in3er Cvcle Calc ulat 1 on S. AVL Mu1 ticyl 
calculated operating parameters for takeoff ar-d the cruise 
modes - full power and economy - are shown in Table IV. 
The A n  predicted BSFC at takeoff and at economy cruise is 
5% higher than TCM's originally target during for the 
Freliminary design analysis. 
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TABLE IIZ. PORT DATA 

TCM/GPD 
AVL PRELIMINARY 

DESIGN DESIGN 

INLET PORTS 

EEIGET: (mm): 

% OF STROKE 

29 2 1  

26.4 1",1 

2180 1749 TIMC A P U  (cm 2 -degr.CA): 

MEAN FLOW COEFFICIENT .54 85 

INLET PORTS 

EEIGET ( m m ) :  

% OF STROKE 

TIME AREA (cm -degr.CE): 

SCAVENGE RATIO: 

SCAVENGE PRESSURE RATIO 

2 

(AT 3500 rpm) 

41 

37 .3  

2655 

i.0 

1.25 

30 

2783 

1093 

1.3 

1.25 
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A t  f u l l  power c r u i s e  AVL confirmed t h e  TCM t a r g e t  BSFC of 
225 g/kWh as reasonable .  

A tu rbocharger  energy Lalance i n c l u d i n g  3.73 kW s u r p l u s  
power f o r  t h e  a l t e r n a t o r  was e s t a b l i s h e d .  The r equ i r ed  
o v e r a l l  e f f i c i e n c i e s  of t h e  t u rbocha rge r  a t  tdkeof f  and a t  
f u l l  power cruise was w i t h i n  t h e  assumed l i m i t s .  A s i i g h t l y  
h igher  o v e r a l l  e f f i c i e n c y  of  64.1% would s a t i s f y  t h e  economy 
c r u i s e  cond i t ions .  

The c a l c u l a t i o n s  i n d i c t e d  t h a t  v a r i a b l e  i n j e c t i o n  t iming  may 
be requi red .  A r e t a r d  a t  t a k e o f f  should  s a t i s f y  t h e  c o n r r o l  
of peak c y l i n d e r  p re s su re .  The naximum f i r i n g  p r e s s u r e  of 
113 b a r r  c a l c u l a t e d  a t  t a k e o f f  c o n d i t i o n s  w i t h  r e t a r d e d  
i g n i t i o n  t iming  a t  3 deg rees  BTDCr however exceeds t h e  
des ign  l i m i t  of 100 bar .  

3.2.1.2 Db-D of M u l t  i c v l  i nde r  Cvcle  S imula t ion  
The TCM p re l imina ry  m u l t i c y l i n d e r  des ign  u t i l i z e d  

I t  is an 
Results. 
a C u r t i s  t y p e  loop  scavenging system. 
uncomplicated system b u t  its poor t r a p p i n g  e f f i c i e n c y  
r e q u i r e s  a l a r g e  q u a n t i t y  of scavenge a i r  due t o  
s h o r t - c i r c u i t i n g  iirom t h e  i n t a k e  t o  t h e  exhaus t  p o r t s ,  
d e s p i t e  t h e  s t e e p  i n c l i n a t i o n  of t h e  i n t a k e  p o r t s  toward t h e  
c y l i n d e r  head. 

S ince  t h e  i n i t a l  computer run5 indicated d i f f i c o l t y  i n  
ob ta in ing  a tu rbocharger  power ba lance ,  it was t h e n  decided 
t o  apply t h e  more a i r - e f f i c i e n t  Schnuer le  system of loop  
scavenging. The a i r  is d i r e c t e d  upward a t  t h e  c y l i n d e r  wall. 
oppos i t e  t h e  exhaus t  p o r t s  t o  produce a proper  loop. T h i s  
is shown in Figure  3.1.3. 

T h e  mean flow c o e f f i c i e n t  f a c t o r  ( C  1 r e f l e c t s  on ly  t o  
some degree  t h e  flow p r o p e r t i e s  of t h g  i n l e t  p o r t s  Le la ted  
t o  t h e  i n l e t  t ime-area and t o  t h e  t o t a l  scavenge p r e s s u r e  
r a t i o  (pi/pe 1 .  A more c a r e f u l  c o n s i d e r a t i o n  shows t h a t  
t h e  value Cm a a y  be in f luenced  c o n s i d e r a b l y  by: 

e The t h r o t t l e  e f f - ' ec t  of t h e  exhaus t  p o r t s ,  mainly 
dekermined by t h e  s i ze  of t h e  p o r t s  and t h e i r  f low 
p r o g e r t i e s .  A corresponding r a t i o  of i n l e t  a i r  
c y l i n d e r  p r e s s u r e  t o  exhaus t  manifold p r e s s u r e  
p /p 8 is an improtant  c o n s i d e r a t i o n  and is 
rhquffed f o r  a g iven  mass flow. 

0 The e x h a u s t  blowdown (gases )  c o n t r o l s  t h e  p r e s s u r e  i n  
t h e  c y l i n d e r  a t  i n l e t  opening; some back flow of 
residual gas i n t o  t h e  i n l e t  r e su l t s  is de lay ing  t h e  
s t a r t  of t h e  scavengiirg event .  

Eecause of these i n t e r r e l a t i o n s  and based upon expe r i ence  i n  
compariable two-stroke engines ,  a mean flow f a c t o r ,  Cm of 
. 5 5  was assumed. The p o r t  dimensions of Table  I11 and 
Figure 3.2.1 were calculated w i t h  t h i s  assumption. Computer 
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calculations of the gas exchange with the port areas shown 
in Figure 3.2.1 and the assumed variable flow coefficients 
shown in Figure 3.2.2 resulted in a calculated mean flow 
factor C, of .54 (Table 111). 

Calculations showed that a relatively low scavenge ratio of 
1.0 could be allowed requiring a pressure tatio (pi/pex) 
of 1.25 at 3500 rpm for this cylinder design. 

3.2.1.3 Discussion of Cvcle Calc ulationg . The following 
definitions qre required in the discussion of these cycle 
calculations: 

Rs - Scavenge Ratio - This term is the ratio of the 
weight of air delivered to the 
cylinder divided by the weight 
of air of displacement volume at 
inlet density. 

Qtr - Trapping Efficiency - This term is defined as 
the air volume retained divided 
by the air volume delivered. 

Qch - Charging Efficiency - This term is the useful 
fresh charge retained in the 
cylinder divided by the 
displacement volume. 

Q,, - Scavenging Efficiency - This term is the volume 
of pure air retained in the 
cylinder divided by the sum of 
volume retained and the residual 
volume. 

In each deficition, volume refer to standard temperature and 
pressure (STPI conditions. 

Preliminary calculations of takeoff and cruise modes had 
shown that in the economy cruise mode self-sustained 
operation of the turbocharger would be difficult to maintain 
without sacrifice in engine cycle efficiency. Analysis, 
therefure, concentrated on finding a combination of cycle 
parameters with which the targets of the economy cruise mode 
could also be accomplished as closely as possible, 

TCM projected a high indicated thermal efficiency 
corresponding to the extrenely low target BSFC of 207 g/kWh 
for th? ultimate application with combinations of high air 
f u l  ratios, fast b2rning rates of the fuel and with high 
compression natio. Eowever, these measiires decrease the 
energy content of the exhaust, and consequently also the 
energy available to the turbine. Figure 3.2.3 shows, as an 
example, the influence of the air-fuel ratio on the 
indicated specific fuel consumption at economy cruise. 

Scavenging of Two-stroke Cycle Diesel Engines", P. 
H, Schweitzer, 1949. 

* a  
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Altitude 
Barornetnc Pressure 
Ambient Temperature 
RPM 
Power 
BME? 
8s FC 
BSFC-Targe t 

TABLE IV 
OPERATING PARAMETERS 

m 2 7620 7620 
bar 1.014 -3765  -2765 
'C 15.5 -34.4 -34.4 

3500 3500 2650 
kW 258.3 194 129 
bar 17.4; 8.25 7.25 
glkW 232.7 223.~1 21 7.5 
glkW 219 22s 2 v  

TAKEOFF POWER CRUISE ECONOMY CRUISE 

Nominal Compression 
Ratio 
Effective Compression 
Ratio 
Indica:ed Power 
IS FC 
Air-Fuel Ratio (related 
to fresh air tragped) 
Stan of ignition 
M a x .  Firing Pressure 
Heat Transferred Through 
Cylinder Walls 

18.35 18.35 

12 12 
kW 294.3 220 
glkWh 212.; 197.4 

13-35 

i 2  
145 
iS3,5 

20.9 21 .e 24.8 
de3. CA 8TOC 3 7 7 
bar  113 1 oc 99 

VO of Fuel Input 6 10.2 i 2  

Intake Manifold Pressure b a r  3.55 7.63 2.53 
Scavenge Pressure Ratio 1.25 1.25 l , l?!j  
Intake Manifold Temp. 'C 115 11s 115 
Scavenge qatio 1 1 1 
Trapping Efficiency 010 48 48 48 
Scavenge Efficiency Y O  a3 83 83 

Ex h au s t Man i f o I d Press. 
TurSine lnlet Tamoerature 
Compressor ?ress. Ratio 
Twbine Pressure ilatio 
Ccmoressor Air  Flaw 
Adiabatic Como:essor 
Fowzr 
Adiabatic TUrDlne 
Power 
lequired TtJrbocharger Eff. 
7 1 ~ ~  = J I a c X g a t ~  ';m 

2.84 
530 
3.6:l 
2.6:: 
.725 

523 

; E A  --.9 

51 .E, 

2.10  2 . 2 7  
475 c : 3  
t .25: 7 6.52:; 
5.53,:; 6.03:; 
547 .-r I 

- 
4 -  

9s.a 72.7 

164.9 : 18 

62.3 S . 1  
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An increase of t h e  exhaus t  tempera ture  can be achieved by 
more economical u s e  of scavenge a i r .  Because of an 
asymptot ic  t y p e  of r e l a t i o n  between scavenge r a t i o  and 
scavenge e f f i c i e n c y ,  a r educ t ion  of t h e  scavenge r a t i o  may 
be  permi t ted  as long a s  t h e  d e c r e a s e  of t h e  scavenge 
e f f i c i e n c y  remains acceptable. 

P igu re  3.2.4 shows an example of t h e  scavenge e f f i c i e n c y  
c h a r a c t e r i s t i c  typical f o r  a loop  scavenged engine.  The  
dec rease  of t h e  scavenge r a t i o  from 1.2 t o  1.0 d e c i e a s e s  t h e  
scavenge e f f i c i e n c y  from 82% t o  73%. T h i s  means t h a t  t h e  
amount of f r e s h  a i r  r e t a i n e d  i n  t h e  c y l i n d e r  decreases 0 9 l y  
by 11% whi le  t h e  charge  d e n s i t y  may be assumed t o  remain 
approximately unchanged. 

The mass of a i r  pas s ing  through t h e  c y l i n d e r  du r ing  t h e  
scavenging p rocess  is determined by t h e  r e l a t i o n  

e a i r  flow = scavenge r a t i o  X (1 - t r a p p i n g  e f f i c i e n c y )  

Correspondingly F igure  3.2.4 shows t h e  amount of scavenge 
a i r  l e a v i n g  t h e  c y l i n d e r  a t  a scavenging r a t i o  of 1 is  on ly  
68% of t h e  amount a t  a scavenge r a t i o  1.3. 

A dec rease  i n  t h e  o v e r a l l  a i r - f u e l  r a t i o  can r e s u l t  w i t h  t h e  
same amount of i n j e c t e d  f u e l  i f  t h e  d e n s i t y  of t h e  c y l i n d e r  
charge  canr.ot be increased .  The reduced r a t i o  resu l t s ,  
t h e r e f o r e ,  i n  a h o t t e r  blowdown gas  which, on t h e  o t h e r  
hand, is mixed w i t h  a smaller amount of scavenge a i r  i n  t h e  
exhaus t  . Therefore ,  an i n c r e a s e  of t h e  t u r b i n e  i n l e t  
temperature resul ts  from a lower a i r - f u e l  r a t i o  ailr. from t h e  
smaller amount of scavenge a i r  s h o r t - c i r c u i t e d  i n t o  t h e  
exhaus t  . 
R e s u l t s  of computer c a l c u l a t i o n s  comparing t h e  scavenge 
r a t i o s  1. and 1.3 are  shown i n  Table  V. The lower scavenge 
r a t i o  of one (1) shown i n  F igu re  3.2.4 is assumed f o r a t h e  
c a l c u l a t i o n s  du r ing  t h e  engine  development. 

TABLE V 
COMPARISON OF SCAVENGE RATIOS 

(ECONOMY CRUISE CONDITIONS 2650 RPM) 

Scavenge Ratio 
Intake Manifold Pressure 
Intake Manifold Temperature 
Scavenge Pressure Ratio 
Exhaust Manifold Oressure 
Scavenge Efficiency 
Trapping Efficiency 
Air-Fuel Ratio 
(related to fresh 
air trapped) 
Turbine Inlet Temperature 
Required Turbocharger Eif. 
QTC = q a c x q a t x  qrn 

' C  

O/O 

17 

1 
kPa 253 
'C 115 

k Pa 227 
O/O 8.3 
910 47.5 

1.1 15 

24.8 
410 

64.1 

1.3 
253 
115 
1.21 
209 
88 
41.2 

27.9 
350 

71.4 



Table V also ahows t h a t  t h e  t r apped  a i r - f u e l  r a t i o  dezrcased  
from 27.9 t o  24.8 w i t h  t h e  r e d u c t i o n  of  t h e  scavenge r a t i o .  
Consequently, t h e  i n d i c a t e d  s p e c i f i c  f u e l  consumption 
i n c r e a s e s  by 5 g/kWh whi l e  t h e  compression r a t i o  remains t h e  
same (F igure  3.2.3). 

The  e f f e c t i v e  compression r a t i o  was t h e r e f o r e  inc reased  from 
10 ( o r i g i n a l l y  assumed by TCM/GPD) t o  1 2  a l though  t h e  
maximum f i r i n g  p r e s s u r e  exceeds t h e  l i m i t s  of 100 bar. 
Conversely,  BSFC a t  economy c r u i a e  comes c l o s e r  t o  t h e  
t a r g e t  w i t h  t h e  h ighe r  compression ra t ic  (Table  IV). 

Figures  3.2.5 t o  3.2.10 show c a l c u l a t e d  h igh  and low 
p r e s s u r e  diagrams supplementing t h e  d a t a  i n  Table  IV. The 
assumed r a t o s  of h e a t  release are shown i n  t h e  h igh  pressure 
diagrams. I g n i t i o n  t iming  and combustion d u r a t i o n  v a r y  wi th  
t h e  speed and w i t h  t h e  amount of burned f u e l .  

I n  summary, t h e  AVL a n a l y s i s  Foin ted  t o  c o n s i d e r a t i o n s  t h a t  
would be r e c u i r e d  d u r i n g  t h e  SCTE development program: 

0 To ach ieve  a h igh  q u a l i t y  of scavenging w i t h  a 

0 To o b t a i n  a 207 g/kWh (0.34 lb./HPh) BSFC f o r  t h e  

minimum of scavenge a i r  

economy cruise mode 

0 To o b t t ' n  a tu rbocha rge r  energy ba lance ,  ir. 
partricula;  a t  power cruise 

3.2.2 F & t  Generat  i on  SCT E Desiqn. The des ign  of t h e  
s i n g l e  c y l i n d e r  test engine  was based on t h e  four -cy l inder  
two-stroke r a d i a l  eqgine  des ign  d e t a i l e d  i n  t h e  p r i o r  NASA 
l ightweigk, t  a i r c r a f t  d i e s e l  engine  des ign  s tudy  (NASA Report 
CR 3261)., The SCTE d e s i g n  followed t h e  m u l t i c y l i n d e r  des ign  
as c l o s e  as p o s s i b l e  w i t h  mod i f i ca t ions  made, such a s  t h e  
connect ing rcd l e n g t h ,  t o  adapt  t h e  c y l i n d e r  assembly t o  t h e  
LABECO crankcase  - Figure  3.2.11. The r eml t s  of t h e  c y c l e  
s imula t ion  d i scussed  i n  S e c t i o n  3.2.1 were a p p l i e d  t o  t h e  
des ign  of t h e  c y l i n d e r  ports  and t h e  combusticn chamber. 

F igu re  ::.2.12 shows t h e  f a b r i c a t e d  components t h a t  were 
i n i t i a l l y  t e s t e d .  F igu re  3.2.13 is t h e  LABECO t e s t  base. 

L 2  ' L C v l i n d e r A s s e m h l v .  The c y l i n d e r  and head were 
machirAL4 i n  one piece from 2045 s tee l  bar s t o c k  w i t h  f i n s  
n.achinei from a cast-on aluminum block. The  c y l i a d e r  was 
f i r s t  rough machined l e a v i n g  1 mm of material t o  be removed 
i n  c r i t i c a l  areas. A t  t h i s  a t a g e  t h e  ver t ica l  .,ales f o r  o i l  
coo l ing  of t h e  e x h a u s t  p o r t s  were d r i l l e d .  An aluminum muff 
was t h e n  cast  i n t o  t h e  premachined c y l i n d e r  us ing  t h e  ALFIN 
p rocess  f o r  binding.  The coo l ing  f i n s  were t h e n  machined i n  
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t h e  aluminum - Figure  3.2.14. The c y l i n d e r  bore  was then  
semi-f inished and i n i t i a l l y  coa ted  w i t h  NIKASIL, a 
e l ec t rochemica l ly  depos i t ed  p l a t i n g  of n i c k e l ,  s i l i c o n ,  and 
carb ide .  A t  t h i s  time t h e  NIRASIL p l a t i n g  was cons idered  t n  
be  s u p e r i o r  t o  chrome p l a t i n g  o r  n i t r i d i n g  due t o  i t s  
excellent c o r r o s i o n  r e s i s t a n c e ,  ve ry  hard s u r f a c e  and good 
scu f f  r e s i s t a n c e  under marginal  l u b r i c a t i o n  and h igh  
loading  . 
The bore  was then  honed t o  s p e c i f i c a t i o n s .  Tbe c y l i n d e r  
bore was s l i g h t l y  en larged  i n  t h e  p o r t  area t o  compensate 
f o r  bore  d i s t o r t i o n  due t o  tempera ture  d i f f e r e n c e  between 
t h e  p o r t s .  

The e x h a u s t  p o r t  b r i d g e s  are  cooled by o i l  passages.  T h e s e  
coo l ing  passages  h e l p  c a r r y  away l o c a l i z e d  h e a t  bui ld-up and 
t h u s  reduce bore  d i s t o r t i o n .  

A l l  s i x  i n t a k e  and t h e  t h r e e  exhaus t  p o r t s  have a common 
lower p o r t  s u r f a c e  which is l e v e l  w i t h  t h e  t o p  of t h e  p i s t o n  
a t  bottom dead c e n t e r  p o s i t i o n .  The p o r t s  va ry  by h e i g h t ,  
width,  and ang le  - Figure  3.2.15. The p o r t  t o p  and bottom 
s u r f a c e s  are formed by keeping t h e  i n c l i n e d  c a t t e r  
s t a t i o n a r y  and r o t a t i n g  t h e  c y l i n d e r  about i ts  a x i s  through 
t h e  des igna ted  angles .  Th i s  e f f e c t i v e l y  gua ran tees  t h a t  t h e  
p o r t  t o p  and bottom surfaces a re  hor izor i ta l .  Also it 
provides  a s l i g h t  nozz le  e f f e c t  which improves flow e n t r y  
cond i t ions .  

The p o r t s  cover  approximately a 300' a r c .  The  remaining 
c y l i n d e r  wal l  is used as the p i s t o n  t h r u s t  s u r f a c e .  Some 
material is removed i n  t h i s  szae area a t  t h e  o u t s i d e  of  t h e  
c y l i n d e r  i n  o rde r  t c  o b t a i n  a more uniform metal 
d i s t r i b u t i o n  i n  t h e  p o r t  area and t h u s  reduce bore  
d i s t o r t i o n  . 
The c y l i n d e r  i s  clzmped t o  t h e  engine  nount ing p l a t e  by 
means of a hold-down nut .  Th i s  method was f i r s t  a p p l i e d  by 
McCulloch on t h e i r  a i r c r a f t  engines  and a l lows  replacement 
of a c y l i n d e r  i n  minimum time. The r i n g  is torqued  t o  1085 
N-m and is locked t o  p reven t  r o t a t i o n .  The  c o o l i n g  f i n s  
extend down t o  t h e  p o r t  area which provide  t h e  maximurr, 
amount of c y l i n d e r  cool ing .  Reduction of coo l ing  cap. be 
accomplished by blocking o f f  o r  removing t h e  coo l ing  fins. 

e r  Inser t .  The  chamber is  made of 
s t a i n l e s s  s t e e l  f o r  h e a t  resistance and c o n t a c t  t h e  c y l i n d e r  
on ly  by a s e r i e s  of annual  l a n d s  a t  t h e  t o p  and s e a l i n g  r i n g  
a t  t h e  c i rcumference.  The  i n t e n t  was t o  minimize heat 
t r a n s f e r  t o  t h e  c y l i n d e r  i t s e l f .  A co ld  c l e a r a n c e  between 
inser t  and c y l i n d e r  bore  of 0.5mm would a l low t h e  i n s e r t  t o  
expand t o  j u s t  c l o s e  t h i s  c l e a r a n c e  wi thout  s t r e s s i n g  t h e  
c y l i n d e r  - Figure  3.2.16. 
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The inser t  s e r v e s  s e v e r a l  yurposes:  

1. I t  f a c i l i t a t e s  op t imiza t ion  of t h e  shape of t h e  
combustion chamber . Experimentat ion w i t h  
d i f f e r e n t  compression r a t i o s  and shapes  of t h e  
combustion chamber are r e l a t i v e l y  s imple.  

2. The c y l i n d e r  and c y l i n d e r  
piece . 

3. The a i r  gaps  between t h e  
have an i n s u l a t i n g  e f f e c t  
coo l ing  loss. 

head can be made i n  one 

i n s e r t  and t h e  c y l i n d e r  
and reduce t h e  c y l i n d e r  

3.2.2.3 Mani,Dld Mu=. I n t a k e  and e x h z u s t  connec t ions  a r e  
conta ined  w i t h i n  a cast aluminum muff. Th i s  method e n s u r e s  
t h a t  t h e  c y l i n d e r  remains circular w i t h  no f l a n g e s  or b o l t e c  
connec t ions  which could  cause bore  d i s t o r t i o n .  The  c a s t i n g  
i s  held i n  p l a c e  by a l o c a t i n a  screw. S e a l i n g  t o  t1.r 
o u t s i s e  is provided by two TEFLON "0" r i n g s  a t  t h e  t o p  and 
bottom of t h e  muff. The  exhaus t  o u t l e t  is a s t a i n l e s s  s tee l  
assembly w h i c h  is i s o l a t e d  from t h e  a l m i n u m  housing by an 
asbestos gaske t .  Th i s  des ign  would keep h e a t  i n  t h e  exhaus t  
cas and result i n  a m i n i m u m  leakage  t o  t h e  i n t a k e  s i d e .  

u 3 . 4  Cyl inder  t o  Crqlakcase AdaDtec . The d e s i s n  used an 
e x i s t i n g  adap te r  t o  mount t h e  c y l i n d e r  assembly t o  t h e  
LABECO base.  The  bore  had t o  be en larged  t o  accommodate t h e  
l a r g e r  c y l i n d e r .  A dowel i n  t h e  mounting p l a t e  indexes t h e  
c y l i c d e r  r e l a t i v e  t o  t h e  c rynksha f t .  

3.2.2. 5 F u e l  I n i e c t  ion  System . The i n i t i a l  SCTE assembly 
u t i l i z e d  t h e  American Bosch APF-1B i n j e c t i o n  pump supp l i ed  
wi th  t h e  LABECO crankcases .  The  pump system demonstrated 
t h a t  it d i d  n o t  have t h e  r equ i r ed  c a p a b i l i t y  nor  t h e  
i n j e c t i o n  p r e s s u r e s  r equ i r ed  f o r  t h e  a p p l i c a t i o n .  Howeverc 
it was a v a i l a b l e  and it enabled t e s t i n g  a t  low engine  
l o a d s  . N i n e  and t e n  mm p lunge r s  were provided and t e s t e d  
wi th  t h i s  pump. 

An AKN i n j e c t i o n  noz- le  ho lder  w i t h  ADB nozz les  were 
t e s t e d .  E ight  h o l e  nozz le s  w i t h  t h r e e  d i f f e r e n t  d i ame te r s  
were eva lua ted  (0.20, 0.225, ando0.25mB a i a a e t e r b ,  each  w i t h  
t h r e e  d i f f e r e n t  sp ray  a n g l e s  (155 I 160 and 165 ?. 
The pump was i n s t a l l e d  on t o p  of an e x i s t i n g  mounting pad on 
t h e  c rankcase  adap te r .  The pump was d r i v e n  by t h e  LABECO 
engine camshaft  madif ied t o  a l low i n s t a l l a t i o n  of d i f f e r e n t  
pump camprof i less .  I t  was d r i v e n  through a c h a i n  and 
sp rocke t  system and runs a t  c r a n k s h a f t  speed. The camshaft  
included an a d j u s t a b l e  advance u n i t .  
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The nozzle  holder  is secured t o  t h e  c y l i n d e r  w i t h  a s t anda rd  
Bosch clamp. Two copper g a s k e t s  are  provided for  s e a l i n g .  
The nozz le  t l p  ex tens ion  i n t o  t h e  c y l i n d e r  was v a r i e d  by 
shims under t h e  nozz le  holder  f l ange .  

3.2.2*6 P-on P i s t o n  RinQSr The p i s t o n  of t h e  
i n i t i a l  SCTE was made of aluminum because a t i m e l y  d e l i v e r y  
could be  guaranteed. (Th i s  material would be adequate  a t  
l i g h t  t o  medium loads ,  bu t  qodular  i r o n  would be r equ i r ed  as  
t e s t i n g  progressed and thl: performance requi rements  became 
more demanding.) 

The aluminum p i s t o n  had t h e  fo l lowing  majoi  f e a t u r e s :  

1. Cooling annulus  behind t h e  r i n g  b e l t  

2. Ni-resist cast i n s e r t  t o  p reven t  t o p  p i s t o n  r i n g  
pounding 

3. F ive  p i s t o n  r i n g s  

4. F l o a t i n g  p i s t o n  p i n  

The i n i t i a l  p i s t o n  r i n g s  were conf igured  as fo l lows:  

1. Top r inq :  15' keystone, chrome faced ,  b a r r e l  
f a c e ,  nodular  i r o n  

2. Znd, 3rd,  and 4 t h  r ing :  Rectangular ,  no f a c i n g ,  
t a p e r  f a c e ,  g ray  i ron .  

3. 011 c o n t r o l  r ing :  Double r a i l ,  chrome faced.  The  
r i n g s  were pinned t o  prevent  r i n g  c l i p p i n g  a t  t h e  
upper edges of t h e  c y l i n d e r  p o r t s .  ( T h i s  f e a t u r e  
u l t i m a t e l y  proved t o  be wrong. The p i n s  sheared 
o f f  a f t e r  a s h o r t  time of running) .  

3.2.2.7 Connectina R o L  The connect ing rod i n i t i a l l y  used 
was an e x i s t i n g  product ion Ford rod, modified t o  accep t  a 
l a r g e r  p i s t o n  Fin compatible  w i t h  t h e  p i s t o n  des ign .  T h e  
l a r g e  end had a thick-walled s t ee l  bushing t o  reduce t h e  I D  
t o  t h e  s ize  requi red  f o r  t h e  modified LABECO crankpin  
diameter  . 
-* Crankshaft  was a modified LABECO 
c ranksha f t  w i t h  t h e  cThnkpin diameter  reduced t o  o b t a i n  t h e  
requi red  l l O m m  s t r o k e .  The f i l l e t  r a d i u s  was a l s o  s l i g h t l y  
reduced t o  provide  a l a r g e r  bear ing  area. 
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co Test p w  The LABECO engine is a 
conventional single cylinder test base. It contains the 
crankshaft counterbalanced t o  offset the rotating m d  
primary reciprocatins inertia forces. Counter rotating 
shafts are installed to offset the secondary reciprocating 
system. 

The camshaft is driven at crankshaft speed required for 
two-stroke cycle operation of the injection pump. The 
engine has an integral lubrication system. 

3 * 3  Cycle Simulation ComP uter Proar an! 
After the initial series of tests with the basic A n  sized 
hardware, it became apparent that further detailed analysis 
would be requireh to provide guidance and direction to the 
experimental program. TCM obtained an engine cycle 
simulation program developed by Professor Benson of the 
University of Manchester, Institute of Technology (UMIST) of 
Hanchester, England. The use and application of that 
program is discussed in this Section 3.3. 

3.3.1 UMIST Cvcle Analvs is Prosram De ScrrPtlo n. Initial 
testing of tke original AVL hardware revealed that engine 
performance needed improvement. To evaluace the specific 
parameters affecting performance (i.e. combustion, air flow 
and heat loss), tte UMIST MK14 cycle simulation program was 

. .  

used b 

The UMIST MK14 program is a quasi steady sta?> m.del which 
treats the cylinder as a steady state, therm4ynanlic t?,r.trol 
volume at every degree of crank angle. The cylinder 
contents have mnogcneous mixture, as vel1 3s uniform 
pressure and temperatzre, Heat transfer across the tylinder 
boundaries (cylinder wells, piston crown, and CO*UStiGil 
chamber) is determiner? by the ?innand heat transfer model. 
The cylinder wall, piston c:own, and combustion chamber 
temperatures are input to the model as boundary conditions. 

The cylinder wall was divided into eight isothermal zones to 
establish a cylinder temperature gradient for the model. 
Heat transfer data across each of these isothermal zones 
were monitored on the engine and used as input to the model. 
Figure 3.3.1 shows a diagram of the modeled cylinder's heat 
transfer zones, and Figure 3.3.2 shows the heat release 
curve assumed in the initial cycle analysis. 

The pragram ireata dyanamic air flow in the intake and 
exhaust manifolds by using the "method of characteristics". 
The method accounts for pressure wave action in the inlet 
and exhaust manifolds by setting up and soiving the 
equations f o r  one dimensional compressible, unsteady flow. 
PLessure waves in manifolds can significantly affect engine 
air flow, especially in two-stroke engines. 
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Gas flow through the ports is determined by the pressure 
difference across the port, the gas's properties, the port 
area and the inputed port flow coefficient. The scavenging 
efficiency of the cylinder is an input to the program, as is 
the combustion hezt release rate. 

The UMISP EIR14 Program was used to predict the following 
enaine parameters at every degree of crank angle for the 
SCTE : 

Intake pressure 
Exhaust pressure 
Intake temperature 
Exhasst temperature 
Intake mass flow 
Exhaust mass flow 
Trapped mass in cylinder 
Cylinder gas temperature 
Heat loss through the ten heat transfer zones 
Cylinder gas pressure 

The predicted steady stat? parameters are: 

Thermal efficiency 
Average exhaust temperature 
Av e rag e ex ha u s t p r es s u r s 
Average intake pressure 
Avezage intake temperatare 
Scavenge ratio 
Trapped air-fuel ratio 
Overall air-fuel ratio 

3 . 3 -  2. Insulgtion Effects . It is well knowr. that 
insulating a diesel engine can improve perfoimance, such as: 

1. Increased thermal efficiency 
2. Imreasea available exhaust energy 
3. Reduced cooling load requirement 

However, insulating a diesel engine can also have the 
following detrimental efft-ts: 

1. Increased thermal loading of hot compvnents 
2. Reduced reliability 
3. Fiston, ring, and cylinder wall wear problems 

Therefore, insulating the diesel engine is a compromise. 

In order to address these tradeoffs, the UMIST MK14 pLogram 
was used to analyze the various aspects of insulating the 
aircraft diesel SCTE. The first analysis focused on 
quantifying the heat loss paths and identifying the effect 
insulated components would have on performance. This was 
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done by independently setting the piston crown, the 
combustim ch&mber, and the cylinder wall heat loss to 
zero. Figures 3.3.3 and 3.3.4 show these data for power 
cruise and takeoff power, respectively. Most of the heat 
loss is through the combustion chamber, followed by the 
piston crown, and then a small percentage through the 
cylinder wall. 

This means that the combustion chamber and piston crown 
would be the most productive items to insulate. The most 
difficult diesel engine component to insulate (for a 
valveless, ported, two-stroke engine) is the cylinder 
liner. This is so because of the size of the liner and also 
because of the piston ring and cylinder tribology prcblems 
at high temperature. 

The UHIST MK14 program requires as inputs eight cylinder 
wall temperatures, one piston cap temperature, and one 
combustion chamber temperature. Therefore, to identify the 
range of these temperatures which were required to 
sufficiently insulate the engine, an average of the ten 
temperatures was used for the following study. This average 
is called the 'average chamber wall temperature". Figure 
3.3.5 shows the effect that average chamber wall 
temperatures has on thermal efficiency, exhaust temperature, 
peak cylinder gas pressure, peak cylinder gas temperature, 
and indicated heat loss. Indicated heat loss is defined as 
the actual heat loss rate divided by the heat addition rate 
from fuel combustion. All other input variables were kept 
constant. A n  increase in the, average chamber wall 
temperatures from 450 K to 1000 K resulted in a ten 
percent increase in exhaust temperature, a five and one half 
2ercent increase in thermal efficiency, and d sixty-five 
percent reduction in heat loss. Peak cylinder pressure 
increased about six percent bg increasing the average 

This chaC -r temperature from 450 K to 1000°K. 
increased cylinder pressure is a result of the 7.7 percent 
increase in cylinder gas temperatures caused by the reduced 
heat loss . This higher cylinder gas pressure results in 
more work output per cycle, i.c. improved thermal 
efficiency. The specific heat ratio of the gas, which 
decreases with increasing temperature, is a factor 
decreasing the thermal efficiency. The ten percent higher 
exhaust temperature would result in apFroximately a ten 
percent decrease in required overall turbocharger 
efficiency- Because of the decrease in specific heat ratio 
with increasing temperature the required turbochargel 
effic'oncy will be reduced to a lesser degree. 

Figures 3.3.6 and 3.3.7 summarize the effect that the 
predicted average chamber wall temperature has on normalieed 
heat loss rate and actual heat loss rate for four load 
points at 3500 R P M .  Actual heat loss rate is the lowest fOK 
the twenty-five percent load line, and decreases with 
increasing average chamber wall temperature. However, the 
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normalized heat loss rate is the hir', st for the twenty-five 
percent load line, and it also 'reases with increasing 
average chamber wall temperature. 

This indicates that the fuet energy added per cycle 
inc;eases more with increasing load, than does the heat loss 
Fer cycle. 

All of the points plotted on Figures 3.3.6 and 3.3.7 were 
simulated at nearly equivalent air-fuel ratios. Air-fuel 
ratio defines the adiabatic flame temperature. The 
adiabatic flame temperature is only an approximate model for 
predicting combustion temperatures but it is accurate enough 
for this discussion. The point is, regardless of the mass 
of gas in the cylinder (i.e. load) the gas temperatures 
during comkustion are nearly equal at a given air-fuel 
ratio. Since heat loss is primarily a functio:i of 
temperature difference between the gas and the chamber 
walls, the heat loss during combustion is nearly a constant 
regardless of load. After combustion is complete, the lower 
load points, having less trapped mass of gas in the 
cylinder, and therefore, less internal energy, will cool off 
much quicker than the high load points. The cooler gas 
temperatures result in lower heat loss aftei combustion is 
complete. The nearly zqual heat loss during combustion 
regardless of load is mostly responsible for heat loss not 
being directly proportional to fuel energy added during 
combustion. 

The explanation for this is as follows. 

Figures 3.3.8 through 3.3.11 show turbocharger power ratio 
of the turbine divided by the compressor versus normalized 
heat loss for lines of constant overall turbocharger 
efficiency (at four different loads). The area to the right 
of 1.0 represents a surplus of turbine power, and 
self-sustained turbocharger operation is possible. The area 
to the left of 1.0 indicates that the turbocharger will not 
operate self-sufficiently because the compressor requires 
more energy than the turbine can deliver. 

These curves were used in conjunction with Figure 3.3.5 to 
quantify the degrees of insulation, and the average chamber 
wall temperature required for a given turbocharger 
efficiency. 

It is evident from this study that even with significant 
reductions in heat loss, a fairly advanced turoocharger in 
terms of efficiency would be required. Improvements in air 
flow characteristics help reduce the required overall 
turbocharger efficiency. 

L3.3 comb u s t b  Effectg. A study was conaucted to 
evaluate the effects that combustion and compression ratio 
have on pea!: cylinder pressure and thermal efficiencies. 
The combustion parameters that were investigated were 
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duration and point of ignition. Combustiori duration was 
varied by compressing or expanding the baseline heat release 
curve shown in Figure 3.3.2. The start of combustion and 
compression ratio are inputs to the program so that modeling 
their effects on performance was straightforward. 

Figure 3.3.12 shows combustion duration versus thermal 
efficiency and peak cylinder pressurec Both decrease with 
increasing combustion duration. The p2int of ignition for 
all of the data was fired at the baseline of three degrees 
before top dead center and the effective compression ratio 
was twelve to one. A thirty-two percent reduction in 
combustion duration resulted in a nine percent increase in 
peak cylinder pressure and an eleven per=ent increase in 
thermal efficiency. 

Figure 3.3.13 shows the start of ignitiod versus peak 
cylinder pressurerand thermal efficiency. The combustion 
duration was fixed at the baseline value of eighty-three 
degrees and the effective compression ratio at twelve to 
one. The thermal gfficiency reached a maximum at a start of 
combustion of 350 ATLK. Cylinder pressure at this point 
was 137 bar. 

Figure 3.3.14 shows effective compression ratio versus 
thermal efficiency and peak cylinder pressure. A seventee!. 
percent decrease in effective cornpression ratio resulted iz 
an eighteen percent decrease in peak cylir,der pressure, and 
a three and one-half percent decrease in thermal efficiency. 

The goal of this study was to optimize thermal efficiency, 
but not exceed the stress limits imposed on the hardware by 
the allowable peak cylinder pressure of 125 bar. This study 
revealed that the most logical course to take,in reaching 
these goals was to start ignition at 350 ATDC and 
decrease the combustion duration as much as possible. These 
steps would optimize thermal efficiency. The peak cylinder 
pressure could then be limited by the compression ratio. 

3.3. 4 Mamolcl Effects. Intake and exhaust manifold 
geometry has a significant effect on the air flow 
characteristics of turbocharged engines. Due to the high 
air-fuel ratios used for a two-stroke, turbocharged diesel 
and the difficult turbocharger matches associated with such 
an engine, it is imperative to aid that match by reducing 
the ,required pressure ratio across the cylinder. The 
pressure ratio can be reduced throkgh improvement of the 
manifold design which enhances airf!.ow. 

In the course of obtaining the most practical and efficient 
manifold design, several single parameters were varied and 
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their effects on performance were evalcated using the 
computer program. Manifold geometery bariances included 
lengths and diameters of the pipes. Variables included air 
flow rate through the engine, fresh ai: trapped within the 
cylinder, and preseure ratio across the cylinder, 

It became apparent that in general larger area pipes 
provided greater flow rates. It was also found that pipe 
length had less effect on "tuning" whert pipe diameters were 
increased. Figure 3.3.15 shows a plot of intake and exhaust 
pipe area versus mass flow, divided by pressure ratio, sbovs 
that for the range investigated, a larger area exnaust pipe 
should be better for air flow. It also indicated that 
within that range where data was generated, there is an 
optimum intake pipe area. A similar plot, Figare 3.3.16 , 
shows the effect on mass trapped within the cylinder. 
Again, optimum manifold areas were found to maximize trapped 
mass . 
This information was coupled with reasonable estimates of 
the range of pipe area, hence pipe diameters that woul2! be 
usable on the test engine. 

The chosen cptimum configuration of 125 cm2 intake and 81 
cm2 exhaust corresponds to two 8.9 cm diameter intake 
manifolds and one 10.1 cm exhaust manifold. This 
configuration was then simulated. Figure 3.3.17 shows 
air-fuel ratio versus cylinder pressure ratio for both the 
optimized manifold configuration and the original AVL 
manifold configuration as predicted by the UMIST MK14 
program at the power cruise condition. Significant 
reductions in cylinder pressure ratio are possible while 
still maintaining the same air-fuel ratio. 

Transient pressure fluctuations in the chosen manifold were 
also simulated by the computer analysis. 

Reuuired overall turbocharger efficiency is a function of 
inlet pressure, exhaust pressure, exhaust temperature, 
ambient pressures as shown in the following equation from a 
basic thermodynamic power balance (Reference 6).: 



Where: Pa - 
p1 - 
p2 - 
T1 - 
T2 - 

cpl - 
c -  FZ 
7 1  

72 

wc - 
Wt - 

adient presscre 

compressor discharge pressue 

turbine inlet pressure 

compressor inlet temperature 

turbine inlet temperature 

specific heat at compressor inlet 

specific heat at turbine 

- specific heat ratio at 
- specific teat ratio at 
compressor work 

turbine wo r k 

inlet 

compressor inlet 

turbine inlet 

(It is assumed that the air flow into the compressor is 
equal to the air fiow into the turbine). 

The above equation was used to evaluate the required 
turbocharger efficiency for  the original AVL manifold, and 
the optimized manifold at the power cruise condition. All 
variables were held constant with the exception of exhaust 
pressure (P2) . Cylinder pressure ratio would 
realistically only affect exhaust pressure because inlet 
pressure is strictly a function of required inlet density at 
a given load. 

Extrapolating the optimized manifold's overall air-fuel 
ratio curve from Figure 3.3.17 to the AVL design point of 45 
to 1 air-fuel ratio would require a cylinder pressure ratio 
Of 1.185. 

This would correspond to an exhaust pressure of 222.9 kPa 
for the optimized rapifold as opposed to 210 KPa for the AVL 
manif old . The required overall turbocharger efficiency for 
a balanced turbocharger with the optimized manifold would be 
60.4 percent and for the AVL maxiifold, 62.3 percent. While 
this reduction is significant, a further reduction would be 
desirable. 

Manifold length effects were not investigated as thoroughly 
as were the manifold area effects, since manifold length is 
greatly constrained by the multicylinder engine layout and 
configuration. A comparison of flow and trapped mass was 
made between a 1/2 meter long exhaust 2iFe and a one meter 
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long exhauot pipe for both the AVL manifold and the 
optimized manifold. No significant difference was noticed 
in trapped mass and air flow for the four configurations 
evaluated. 

Pigare 3.3.18 shows both predicted and measured intake 
manifold pressure, versus crank angle. As can be seen, 
there is very clase agreement. between the two. Figure 
3.3.19 shaws the predicted and measured exhaust manifold 
pressure verrus crank angle. 

The measured and predicted exhaust pressures do not agree 
with each other as well as the intake pressure did. A 
possible explanation for this is that the pressure sensor is 
exposed to the high temperature exhaust which can 
significantly degrade its accuracy. 

3.3.5 Port Tlmma ODt imization . A further computer study 
. .  

was conducted to optimize the intake ant exhaust port 
timing . A series of cycle simulations were run for the 
power cruise aad takeoff power conditims which utilized the 
optimized intake and exhaust manifold sizes. Each series of 
simulations consisted of nine different combinations of 
timing for the intake and exhaust ports while all other 
input variables were fixed. 

Figures 3.3.20 and 3.3.21 sbow that 90' ATDC for the 
exhaust port timing and 100 ATDC for the intake port 
timing would be the optimum porting configuration. This 
porting configuration gave the highest trapped air-fuel 
ratio, superior scavenge ratio, with a very slight 
degradation in indicated thermal efficiency for both the 
power crcise and takeoff power conditions. Further a.ialysis 
of this porting configuration was not conducted because the 
existing hardware could not physically accommodate further 
advanced or raised exhaust port. As a compromise, further 
cycle simulation w8rk concentrated on the Borting 
configuration of 93 ATDC exhaust port and 103 ATDC 
intake port timing. If this porting arrangement had proved 
beneficial during development tests, then a megns would have 
been providgd to test a cylinder with 90 ATDC exhaust 
port and 100 ATDC intake port timing. 

Figure 3.3.22 shows various porting arrangements as well as 
the optimized porting configuration. The optimized intake 
ports are considerably (16%) larger in area (i.e. higher by 
5mm) than the original AVL designed intake ports. This is 
the main reason for the improved air-flow. The bach flow 
i ? t o  the intake ports duririj exhaust blowdown is not of 
sufficient quantity to offset the increased flow due to the 
larger port area. 
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Figure 3.3.23 shows predicted air-fuel ratio versus cylinder 
pressure ratio for the optimized porting and manifolding 
configuration. Data for the AVL configuration ports at the 
power cruise and takeoff power conditions is also shown. 
Significant increases in air-flow were predicted for the 
optimized configuration. 

At the optimum overall air-fuel ratio predicted by AVL, the 
optimized configuration requires a pressure ratio of only 
1.09 for power cruise and takeoff power. The computer 
predicted overall turbocharger efficiency requirec! for the 
optimized configuration at take-off power was 53.7% and 58% 
at power cruise. The predicted overall turbocharger 
efficiency required for the original configuration was 61.8% 
at take-off power and 62.3% at power cru<;e. This optimized 
configuration represents a significant reduction in the 
required overall turbocharger efficiency. Up to this point 
in the analysis this reduction has been accomplished without 
reducing the heat loss. Further improvements in the 
required turbocharger efficiency would be possible with 
reduced heat loss. 

3 . 3 . 6  Reed Valve E valuatio n. The application of reed 
valves in the irztake manifold ports of high speed, two 
cycle, crankcase scavenged spark ignition engines has groven 
to be very beneficial in improving engine performance. 
These performance gains result from improved mass flow 
conditions and longer effective strokes. The potential 
applization of such a passive device was, therefore, 
explored for this engine by use of the simulation model. 
The simulation of reeds was accomplished by installing a 
hypothetical 100% efficient one-way check valve. This 
hypothetical reed valve is located on the cylinder wall, 
seals perfectly, responds instantaneously, and has no 
throttling or flow losses. Obviously, real reed valves do 
not behave in such a manner; but for purposes of predicting 
airflow and engine performance trends, this ideal condition 
was assumed. Approximately 26 sets of data were run. In 
each case, the same run was made with and without reed 
valves so a direct comparison was possible. The majority of 
runs were made at the take-off power level. This 
performance level requires the largest amount of exhaust 
blowdown lead time due to the high rotative speed and the 
highest cylinder gas pressures. The original intent of 
applying the reed valves was to allow the reeds tc control 
port opening by sensing the pressure differential between 
the intake manifold and cylinder gas pressure. Since the 
reeds would control port opening, the intake and exhaust 
ports could be made the same height. This would eliminate 
the current loss of fresh air charge betBeen intake and 
exhaust port closures (approximately 14 C A ) .  Figure 
3.3.24 illustrates such a condition whereby the intake and 
exhaust ports are the same heights. As shown, without reed 
valves, some negative airflow occurs intc the intake 
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mani€old due to the higher cylinder pressures expanding into 
both the intake and exhaust manifolds. Also, positive flow 
occurred sooner without the reeds dce to the fact that the 
cylinder gases are expanding into both the intake and 
exhaust manifolds. In the reed valve case, intake air flow 
begins later because all of the cylinder pressure must 
expand into the exhaust manifold. The net result is less 
time available for a i r  flow. Also, from Figure 3.3.24 it 
may be construed is that the reverse flow and pressure wave 
set up in the intake manifold can produce a positive tuning 
effect during the open period, thereby uxxeasing total 
cylinder air flow. 

Numerous porting sizes were evaluated to show some 
performance improvement with reed valves. In all cases, 
reviewed, reed valves did not change, or adversely effect 
airflow and engine performance. The conclusion drawr: from 
this investigatian was that with crankcase scavenged 
engines, the reed valves prevent discharging the pressurized 
intake charge back through the intake manifold. Since the 
aircraft diesel engine is not a crankcase scavenged engine, 
this loss of charge is not applicable. The only potential 
improvements that may ultimately warrant the use of reeds 
might be: 

1, If, in the multicylinder engine, the reverse flow 
into the intake manifold would adversely affect 
adjacent cylinders, reeds might eliminate this 
reverse flow. 

2. Expanding all of the cylinder blowdown gases into 
the exhaust manifold (in the reed case) may improve 
the exhaust energy available to the turbine, 
particularily if the turbine is designed as a pulse 
recovery type rather than as a constant pressure 
system . 

3.3.7 Conclusions of Cvcle Analvsis Studies. Figure 
3.3.25 shows the predicted engine performance for four loa9 
points at 3500 RPM. Tbe engine configuration has a &25cm 
area manifold, 81cm‘” area exhaust manifold, 103 ATDC 
intake timing, t:o ATDC exhaust port timing, and increased 
chamber wall temperatures which simulated insulation. Also 
plotted on this figure is the predicted engine parformacce 
for the original AVL baseline engine configuration. 

Significant reductions in heat loss and cylinder pressure 
ratio were predicted fo r  the optimized configuration, which 
resulted in reduced required overall turbocharger efficiency 
for a balanced system. Indicated specific fuel corsumption 
ia slightly higher with the optimized configuration compared 
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to the original AVL configuration. This was probably due tu 
the degradation in thermal efficiency caused by the advanced 
port timing offsetting the increase in thermal efficiency 
caused by the reduced heat loss. 

Figure 3.3.26 shows for take-off power, the ten heat loss 
zone temperature inputs to the model, as well as, the 
percent of total heat loss and heat flux through each zone. 

These data were useful in making projections of the cylinder 
liner, and cylinder head temperatures of the second 
generation SCTE design. The accuracy of these performance 
projections are determined by the accuracy of the input 
pa ramet er s : 

1. Combustion burn rate 
2. Annand heat transfer coefficients 
3. 19 chamber wall temperatures 
4, Port flow coefficients 
5. Scavenge efficiency model 

The goal' of the cycle analysis was to optimize the AVL 
baseline engine configurations. A5reement between the 
actual SCTE test cell data and these projections was not the 
primary intent . 
3.4 Fuel Iniectioq 
Fuel injection characteristics play an important role in 
optimizinq the engine perfocmance. Several possibilities 
were cxa3ined fcrr this aFylication within the constraints of 
hardrarr availabi!ity, speed capability, cost and time. 
This S ;st  *.mi 3.4 describes the systems that were considered, 
evaluated, and testod in this program. 

3 . 4 . 1  Injection Rea u i reme ntS. A fuel injection system fo r  
a direct injected diesel engine has to distiibute a finezy 
atomized charge of fuel uniformly throughout the combustion 
chamber in a short duration of time, and with exact timing 
during the engine cycle. These characteristics must be 
repeatable from one cycle to the next. A n  injectior, system 
that does not meet these criteria results in poor 
combustion, causing excessive cylinder pressure, exhaust 
smoke and fuel consumption. 

Combustion is also effected by air-fuel ratio, the 
combustion chamt-i temperatures, the combustian chamber 
geometry, and air motion. Typically, inlet port induced air 
motion (swirl) is used to help fuel-to-air mixing, and 
hence, cod istion. 

Combustion cnamber squish is another useful method f o r  
inducing combustion chamber air motion, but its effects on 
combustion are less prominent than swirl motion. 
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The high speed, two-stroke cycle, quiescent combustion 
chamber characteristics of this engine do not provide 
adequate air motion for good mixing and therefore, places 
severe demands on the injection system in order to obtain 
efficient combustion. 

Table VI shows the desired injection system requirements for 
this engine. 

TABLE VI 
SCTE FUEL INJECTION SYSTEM REQUIREMENTS 

3 5 - l o o m  /injection 
8 - 60 injectiondsecond 

Flow range 

Injection rate 

Infection duration less than 1.2 ms 

Injection pressure up to 1400 bar 

Injection timing 

Fuel compatability DF1, D F 2 ,  JET "A" 

Va r iab 1 e 

Three injection systems aimed at meeting these criteria were 
evaluated during this program. Their design is discussed in 
the subsequent sections. 

3.4.2 Bosch A PF Injection System The first fuel injection 
system evaluated on the SCTE consisted of an American Bosch 
APFlB injection pump, and a AKN 17mm nozzle holder arid an 
ADB type injection nozzle. 

The APF type pump is a constant stroke, helix controlled, 
plunger and barrzl type unit which is actuated by an engine 
mounted camshaft driven at engine speed. Figure 3.4.1 shows 
a diagra8 of the camshaft profile. The lift duration is a 
slow 100 0 This pump was designed for medium to slow 
speed diesel engines, and could be fitted with either a nine 
of ten millimeter diameter plunger. 
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The ARN type nozzle holder is a standard holder which allows 
valve opening pressure adjustment up to 303 bar by shimming 
the adjusting spring accordingly. A spring cavity leak-off 
is provided. Its maximum rated injection line pressure is 
1035 bar. 

This injection system was not designed, nor was it expected 
to meet the injection requirements of the SCTE. It was 
intended to be used only for initial SCTE testing. 

3.4.3 CAE - X Ini ection Svsta. The heart of the CAE-X 
Injection System was the single cylinder version of the 
CAE-X pump originally developed for the AVCR-1360 engine in 
the mid-1960's. digure 3.4.2 shows a diagram of the pump. 
The pump is a constant stroke, helix controlled, plunger and 
barrel type unit which is actuated by a ball bearing 
supported camshaft. The plunger is millimeters in 
d iamet e r . The plunger, barrel, cam-haft, and bearings are 
lubricated by pressurized engine oil. In order to keep the 
stresses ab low as possible for its adaptation to the SCTE, 
the pump was adapted to a double lobe camshaft which was run 
at half engine speed or 1750 RPM at 3500 W M  engine speed. 

Stress calculations on the pump's components revealed that 
the chence of the pump's mechanical survival was good. 
Figure 3.4.3 shows the cam profile, velocity, and 
acceleration. The cam's high acceleration gives very high 
injection pressures. The cam follower is a rolling element 
type . This pump can psovide over 1480 bar injection 
pressure . 
The single cylindc version of the CAE-X pump was designed 
to be coupled to a variable timing unit. This unit is shown 
in Figure 3.4.4. 

An American Bosch AKN type injection nozzle holder used with 
this pump with an ADB type nozzle. A stainless steel cooler 
adapter shown in Figure 3.4.5 was used to cool the nozzles. 
Pressurized oil was forced through the transfer passages to 
the annulus. This annulus was in close thermal co?tact with 
the injector nozzle by means of a light press fit. The oil 
then flows out of the annulus through the exit transfer 
passage and into the engine sump. 

3.4.4 Ben d i x  Injection Svstea . The Bendix Corporation was 
contracted by TCM to design, build, test, and deliver five 
injecticn system:; to meet the injectioll characteristics 
listed in Table 3.4-1. The Bendix DCX-3-28 is an 

operation is best defined as that of cn electronically 
actuated hydraulic relay switch. The injector has two 

electronically coutrclled diesel injection system. Its 
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operating modes; fuel metering and fuel injectim. Fuel 
injection occurs zt the instant fuel metering ends. Thus, 
fuel injection advence is controlled by the beginning of 
metering . The injector can give very high injection 
pressures (1350 bar) by hydraulically amplifying a moderate 
(350 bat) fuel supply pressure. This high pressure fuel is 
delivered to the comLu8rion chamber through a nozzle similar 
to the Bosch ADB type. 

Figure 3.4.6 shows the positions of the injector components 
during metering. To begin metering, an electric impulse is 
sent to the coil. The signal is a 70 volt spike leading a 
12 volt pulse. 

The armature of the pilot valve (Item I) is attracted to the 
coil the hole in the end of the needle to be sealed 
off by the piston. Simultaneously, the needle is lifted off 
its seat allowing the pressure at the right end of the spool 
valve (Item 2) to be dumped to atmosphere. The spool is 
then moved to the right by the force of the supply 
pressure. The spool valve, in this position blocks supply 
pressure from reaching the primary piston (Item 3) and vents 
the top of the primary piston to atmosphere. The fuel, ;it 
supply pressure, moves through the ball check valve in the 
bottom intensifier body (Item 4) and fills the intensifier 
piston cavity as the piston is forced upward. When the 
desired metering time has been reached, the coil is 
de-energized and injection begins. Figure 3-4 .7  shows the 
main fuel injection events. 

When the coil (Item 5 )  is de-energized, supply pressure 
forces the needle and piston apart. The needle hole is 
uncovered and the needle seats, closing off the atmosphere 
dump to the end of the spool valve (Item 2). Supply 
pressure t s  now allowed to push the spool valve to the left 
which cl.;es off the atmosphere dump passages to the top of 
the primary piston (Item 3), and also applies supply 
pressure to the top of the primary piston causing the 
intensifier to move and subsequently injection to start 
after nozzle opening pressure is reached. The ball check 
valve is closed, preventing fuel from dumping back to 
supply 

causing 

After the primary piston reaches the bottom of its stroke, 
the system's moving parts remain stationary until the start 
of metering on the next cycle or event. 

The ideal static intensification ratio (no leaks or losses), 
for the DCX-3028 injector is nominally 5.0:l which of course 
is the ratio of the areas of the primary and intensifier 
pistons . 
There are two fuel pump ports, one in the qalve body and one 
in the coil. The dump port in the valve body dumps fuel 
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from the top of the primary piston during metering and from 
the bottom of the primary piston during injecticn. This 
f:ow of fuel through the coil Terves to cool the coil. 

The fual injection controller uses digital feedback 
techniques for  precise fuel control. A block diagram of the 
controller is shown in Figure 3.4.8. 

3.5 F i n i f e c m e n t  Thermal an d S t u  ctural A q  w i s r .  
As part of the overall design and analysis of this engine 
concept, detailed finite element thermal and structural 
analyses were made of the single cylinder test engine power 
components. This analysis was made under subcontzact for TCM 
by Analysis and Design Application Corr?\any (ADAPCO) 
Melvilld, NCW York. The analysis utilizes tke well known 
ANSYS firbite element program, and integrates it with the 
same UMISZ cycle analysis program as was used by TCM in 
conducting the work of Section 3.3 ( r l s o  known as thn 
"Benson Ccde") ., These programs \)ere operated in a clos-r '  
loop fashion. 

For the cycle simulation program it was necessary to specify 
ccrnbustion chamber wall temperatures. These included t!ie 
combustion bowl inner surface. piston cap top surface, and 
cylinder inner surface. Next, using the cycle simuiation 
temperatures of the combustion gas as a function cf crank 
angle, a cycle average thermal analysis of the overall 
engine is carried out. The resulting combu9tiov surface 
temperatures are ampared with those which were used in the 
cycle simulation analysis. If there is a significant 
difference, the new surface temperatures are input into the 
cycle simulation and the .Du?led analysis is repeated using 
this technique, Configuration 12 of the test erigine 
(described in 4.2.6)  was modeled. One of thc ;ame data 
points that were nodeled was a l s o  run as an actual test 
point. Annand heat transfer constants were then adjusted to 
bring the modeled and measured data intn agreement. U.cing 
the modified constants, a second data point was simulaied 
and the results compared to actual data. 

Using this approach the correlation of the cycle simulation 
results with experimental data is considered to be . p ry  good 
with respect to indicated power and airflow. The 
correlations for exhaust temperature and peak cylinder 
pressure are reasonable but need improvement in the 
analytical model. 

The correlatioil of calculated rurface temp-raturzs LO 
experimental ds.ta is considered to be generally witbin the 
range of experimental error. 

The heat loss was matched with the experimental value on one 
run by adjostina the heat transfer coefficient, but the 
program then did not predict the measured heat, loss f o r  the 
second run adequately. 

36 



Additional iterations and refinenents are required to 
resolve this discrepancy. This activity was conducted close 
to the end of the program and funding and tine cor.straints 
prevented additional work to resolve the issue. 

Because of the significance of this analysis, separate 
report.: were generated. These are included as Appendix I 
Cycle Simulation and Beat Transfer Analysis and Appendix XI 
Structuril Analysis. 

c n- tion Sinale Cv m d e r  Test Enaing c 

The testing i.., analysis program conducted on the first 
generation hardware demonstrated the feasibility of reaching 
the major goals in terms of power density: specific fuel 
consumption and air flow requirements. Based on the 
knowledge acquired in that series of tests, a second 
generation configuration cs the SCTE was designed, It 
incorporated the desirable features made evident in testing, 
and also included i:. the design, the ability to insulate the 
cylinder to varying degrees. This second gener *ion 
hardware is discussed in this Secticn 3.6. 

3.6.1 Desian Goals. The second 9eneration engine has been 
designed to accommodate both a cooled and an uncooled 
version. Figure 3.6.1 illustrates the cooled version and 
Figure 3.6.2 shows the insulated configuration. 

1. Coole d Version Oil coo1ir.g is provided around the 
cylinder head and upper portion of the cylinder liner. 
Materials used are: 

0 Cjlinder head: Stainless steel AISI 302 
3 Cylinder liner: Nitralloy 135 Mod 
0 Piston cap: Stainless steel AISI 302 
e Pistor,: Nodular iron 

2. Jnsulat zd Version . This design incorporated all the 
features derived from the finite eiement studies as detailed 
in Appendix IV. Materials used are: 

0 Cylinder head: Stainless steel AISI 302 
0 Cylinder liner: Sintered silicon nitride 
0 Cylinder barrel: Stainless steel AISI 302 
o Piston cap: Sintered silicon nitride 
0 Piston 4: Nodular iron 

As much versatility as possible has been built into t h e  
engine. All major components are readily replaceable. 

8 Cylinder head and cylinder barrel are separate 

0 Removable cylinder liners 
o Replaceable piston cap 

components 
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A complete set of drawinss and parts list of the second 
generation engine has been submitted along with this 
report. The parts list is included as Appendix 111. 

The engine€ serve several purposes: 

1. Investigate the effect of various degrees of 
cooling on engine performance. 

2. Determine the durability of criticill components. 

3. Gain more knowledge on the overall behavior of 
ceramic components. 

4. Provide knowledge on the tribology requirement of 
insclated engines. 

However, because of fundi29 limitations, hardware was 
procurred only for the cooled configuration of the second 
generation engine, and they were never assembled or tested. 
Ceramic components were not procured under this contract. 

3.6.2 Finite Element Thermal an d Str uctural Analysis of 
second_ Generation E nuine. - As with the first generation 
engine, detailed finite element thermal and structural 
analysis were made of the second generation engine. Like 
the studie., described in 3.5 and Appendix I and XI, this 
analysis W < L S  also made by ADAPCO. It utilized the sami 
programs, techniqzps and prdcedures as desc ;bed above. The 
analysis for the insulated configuration was made for three 
different sets of monolithic ceramic cmponents - partially 
stabilizw Zirconia (PSZ), Alumina, and Silicon Nitride. A 
final report from PDAPCO on the analysis of this insulated 
engine is included as Appendix IV giving the details and 
specific values of constants used. 

Prom the thermal and stress analysis results presented in 
Appendix IV, plus ADAPCO's experience on other low heat 
rejection concepts involving monolithic ceramics, it is 
ADAPCO's and TCX's cpinion that the insulation of this 
lightweight diesel has a high probability of success. To 
date, the major problems in insulating low heat rejection 
engines has been the piston. In the czse of this engine, 
the elimination of the combustion bowl from the piston and 
giving it a spherical domcd shape provides a configuration 
which has a high probability of not failiag. In addition, 
the entire piston surCace is covered with ceramics. This is 
important from both a heat loss standpoint and being able to 
keep the rings cool. 

One problem identiiigd in the thermal analysis is the high 
temperature (above 955 C) at which the Zirconia insulated 
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engine Configuration is operating. This problem is 
important, since Zirconia should be used as the insulator 
due to its high thermal expansion. Howevgr, Zirconia should 
not be used at temperatures above 850 . To provide some 
minimum cooling while at the same time reducing cost, it may 
be possible to use a metal liner long with ceramics for the 
remaining components. 

m-c Insu_lated DesiaSi. Table VI1 
compares peak component temperatures and tensile stresses 
for various insulated configurations of the engine as 
predicted by the UMIST cycle simulation and the ADAPCO 
finite element analysis. The PSZ configuration gave very 
low heat loss due to PSZ's low conductivity, 

This configuration nay not be viable, however, for several 
reascns , First, the temperatures and applied tensile 
stresses for the piston cap and combustion chamber are far 
in excess of PSZ's ultimate tensile strength. Secondly, 
PSZ's strength deteriorates at these high temperatures due 
to a tetragonal to monolithic transformation in Zirconia's 
microstructure. Thirdly, the temperatures and streszes 
applied to the cast iron piston are too high. 

The alunina configuration also suffers from the same stress 
and temperature problems that the PSZ configuration did. 
Aluminia also has much lower fracture toughness and thermal 
shock resistance than PSZ. 

The silicon nitride configuration has a very good chance af 
succcss due to the relatively low applied stresses and 
temperatures to the insulating components. Howe\Tei, the 
cast iron piston would have to be cooled dtie to its very 
high temperature in the current configuration. 

The stainless steel with air gap configurat,on which was 
modeled at 3/4 load and 3000 RPi3 gave a higher piston cap 
and combustion chamber temperature than the silicon nitride 
configuration did which was modeled at full load and 3500 
RPM . This indicates that the metallic with air gap 
components are better insulators than the monolithic silicon 
nitrides components.. The cylinder liner for the stainless 
steel configuration was fully cooled. The high stresses in 
the piston cap and combustion chamber did not cause a 
failure because the components plastically defcrmed before 
reaching these predicted streeses. If the piston cap and 
ombustion chamber had been made of a brittle ceramic, they 

would have failed, 

The air gap insulated configuation for ultimate application 
would require ir nickel based superalloy as a structural 
material insteado of stainless steel because the peak 
temperatures (1100 ) are beyond the temperature limit =or 
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stainless steel to survive for  ally appreciable length of 
time. The use of nickel based supralloys, however, 
increases the cost of the components and may ultimately make 
the development of ceramic components more attractive. 

Presently & h e  metallic air gap insulation scheme is the 
safest technology for insulating t diesel engine. In the 
future, if ceramic materi;.ls become both stronger and 
fracture resistant, they may surpass the metallic air gap 
insulation scheme in terms of insulation effectiveness, 
weight, and cost. 
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Figure 3.1-3. Comparison of Schnuerle and Curtis Loop Scavenge Systems 
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Figure 32-1 1. First Generation Single Cylinder Test Engine (SCTE) 
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Figure 3.2-16. Combustion Bowl Insert 
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Figure 3.31. Temperature Zones Used for Thermal Model 
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Figure 3.32. Heat Release Curve Assumed in Initial Cycle Analysis 
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Fidure 3.35. Computer Predicted Engine Performance Versus Average Chamber Wall 
Temperature 
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Figure 3.3-6. Heat Rejection as a Fuwtion of Averape Chamber @all Temperature for iour 
Load Points at 3500 RPM 
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Figure 3.37. Absolute Heat Rejection as a Function of Average Chamber Wall Temperature 
at Four Load Points at 3500 RPM 
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Figure 3.39. Computer Predicted Turbocharger Power Balance Cornpanson Versus 
Heat Loss at Power Cruise at 7800 Meters Altitude 
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Fism 93-10. Computer Predicted Turbocharger Power Balance Comparison Versus 
Heat Loss at 50% Power at 7800 Meters Altitude 
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Figure 3.312. Computer Predicted Effect of Combustion Duration on Thermal Efficiency and 
Peak Cylinder Pressure 3500 RPM Takeoff Power 
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Figure 3.313. Computer Predicted Effect of C jmbus!ion Timing on Thermal Efficiency and 
Peak Cylinder Pressure 3500 RPM Takeoff Power 
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Figure 3.3-15. Mass Flow RaWCylinder Pressure Ratio Versus Manifold Area 
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Figure 3.316. Trapped MasslCylinder Pressure Ratio Versus Manifold Area 
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CYLINDER PAESSUIt' . ,'IO 

Fig*.ia 3.317. AirlFuei Ratio Versus Cylinder Pressure Ratio for the Op!imized Manifolding 
Configuration 
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Figure 3.318. Experimental Versus Predicted Inlet Manifold Pressure at Pressure 
Transducer Location 
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Figure 3.319. Experimental Versus Predicted Exhaust Manifold Pressure at Pressure 
Transducer Location 
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Figure 3.320. P o f k  I ,ming Optimuation at Takeoff Power Condition 

80 



100 103 

INTAKE PORT TlMINO OCA ATDC 

Figure 3.321. Port Timing Optimization at Power Cruise Condition 
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Figure 3.322. Port Timing Versus CA 
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Figure 3.323. AirlFuel Ratio Versus Cylinder Pressure Ratio for the Optimized ?orting and 
Manifolding Configuration 
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Figare 3.324. Effect of Reed Valves on Cylinder Airflow at Takeoff Power (Same 
Timing for Intake and Exhaust Ports) 
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Figure 3.325. Predicted Performance for Optimized Configuration (Continued) 
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Figure 3.3-26. Temperature Inputs and Predicted Heat Loss Though Cylinder Zones at 
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Figure 3.4-1. Fuel Injection Camshaft Profile 
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Figure 3.4-3. Camshaft Profile, Velocity, and Acceleration for AVCR-1360 Type Cam 
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Figure 3.4-5. Cooled Injection Nozzle Holder and Adapter 
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Figure 3.4.6. 8endix OCX-3.28 Injector 
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Figure 3.6-2. Second Generation Single Cylinder Test Engine - lnsuiated Configuration 
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