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SUMMARY 

The temperature and energy content of the exhaust gases discharged by 
adiabatic diesel engines are expected to be much higher than in the case of 
conventional turbocharged diesel engines. Considerable improvements in the 
efficiency of adiabatic engines can be effected through the use of 
efficient bottoming systems that can utilize the energy contained in the 
exhaust gases for the generation of additional shaft work. Exhaust-driven 
Brayton bottoming systems (BBS) are particularly suitable for this function 
because they represent a logical extension of the familiar turbocompounding 
concept and can be added to an adiabatic engine either instead of 
turbocompounding or in tandem with it. 

The objective of this project was to provide an analytical assessment of 
the technical and economic feasibility of the BBS for adiabatic diesel 
engine applications in heavy-duty, long-haul trucks. The project was 
structured around three major work packages: (1) characterize the 
performance and design features of adiabatic diesel engines over a wide 
range of operating conditions; (2) perform performance, design and cost 
analyses of the BBS; and ( 3 )  carry out simulation of vehicle performance 
and a comparative evaluation of the economics of trucks equipped with 
adiabatic engines with or without BBS. I 

Parametric analyses were performed to evaluate the effect on BBS 
performance of external design parameters such as exhaust temperature and 
flow rate and internal design parameters such as turbomachinery 
pressure-ratio and efficiency and heat exchanger temperature difference and 
pressure drop. The results of these parametric studies, combined with 
qualitative assessments of the advantages and disadvantages of various BBS 
configurations, led to the selection of an intercooled pressurized BBS for 
further analysis. Conceptual design and trade-off studies were undertaken 
to estimate the optimum values of the key internal design parameters. The 
critical sizing parameters for the key hardware components were estimated 
along with the projected mass-production cost for these components and for 
the entire system. The addition of a pressurized BBS, to a turbocharged 
adiabatic diesel engine was shown to be capable of a 12- percent 
improvement in fuel economy. Produced in 10,000 units annually, such a 
system would have an installed cost of about $17O/Bhp (1983$). 

Off-design performance analyses were performed to assess the sensitivity of 
the BBS performance to ambient temperature variations and external leakage 
as well as to evaluate the effect of heat exchanger fouling and cleaning 
frequency on the average performance of the BBS. The benefits of BBS speed 
regulation through a variable ratio transmission were investigated and 
complete part-load performance maps were generated for the BBS-equipped 
eng ine s . 
The power-plant maps were incorporated into a drive-train and 
vehicle/driving-cycle simulation routine to calculate the truck average 
fuel consumption and drivability characteristics. The fuel savings that 
can be attribued to the BBS were computed for numerous driving cycles. It 
was found that, with the addition of a BBS to a turbocharged 
non-aftercooled engine, as much as 2000 gallons of fuel (12%) can be saved 
over 100,000 miles of annual driving in a 73,000 lb, 300 Bhp long-haul 
truck. However, when compared with the aftercooled turbocompound engine, 
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t h e  BBS-equipped engine would o f f e r  only 4.4 percent  of f u e l  savings. The 
i n s t a l l a t i o n  of t he  BBS i n  tandem with t h e  a f t e rcoo led  turbocompound engine 
would r e s u l t  i n  about 7.2 percent  of f u e l  savings.  

Discounted cash-flow and payback ca l cu la t ions  were performed t o  a s s e s s  t h e  
economic m e r i t  of t h e  BBS. It was found t h a t ,  a l though the  BBS would be an 
economically j u s t i f i a b l e  add i t ion  t o  turbocharged o r  turbocompounded 
engines,  it would, a t  b e s t ,  be  marginal ly  economical as a s u b s t i t u t e  f o r  
turbocompounding. Lower c a p i t a l  c o s t s ,  longer equipment l i f e ,  higher  f u e l  
p r i c e s  and t h e  e l imina t ion  of o the r  t echn ica l  and economic u n c e r t a i n t i e s  
could s i g n i f i c a n t l y  improve t h e  economic a t t r a c t i v e n e s s  of t he  BBS, 
p a r t i c u l a r l y  when used i n  tandem with an a f t e rcoo led  turbocompound engine. 

I 

v i i i  



1. IHTRODUCTION 

1.1 Backnround 

Conventional d i e s e l  engines convert  approximately one-third of their  f u e l  
energy input  i n t o  mechanical work. The remaining two-thirds are r e j e c t e d  
i n t o  the  atmosphere e i t h e r  d i r e c t l y  with the  exhaust gases  or i n d i r e c t l y  
through t h e  cooling of t he  engine su r faces ,  l u b r i c a t i n g  o i l ,  and charge 
air .  a t y p i c a l  d i e s e l  engine, t h e  i n d i r e c t  heat r e j e c t i o n  may account 
f o r  as much as one t h i r d  of t h e  f u e l  energy, u sua l ly  through a water jacke t  
maintained a t  180-200 F. The remaining f r a c t i o n  of f u e l  energy is  c a r r i e d  
wi th  the  exhaust gases  a t  temperatures i n  the  range of 800-1000 F. 

I n  

S i g n i f i c a n t  improvements i n  d i e s e l  engine performance can be e f f e c t e d  by 
convert ing p a r t  of t h e  r e j e c t e d  energy i n t o  a d d i t i o n a l  mechanical work 
through exhaust-driven devices  such as turbocompounding systems (Ref. 1.1) 
and bottoming Rankine cyc le  systems (Refs. 1.2, 3 ) .  None of t hese  devices ,  
however, i s  c u r r e n t l y  i n  large-scale  commercial use because t h e  add i t iona l  
complexity and c o s t  associated with them appear t o  outweigh t h e i r  
performance b e n e f i t s ,  a t  l e a s t  under present  and pro jec ted  near-term 
economic condi t ions .  The conversion of t h e  low-temperature energy 
contained i n  t h e  jacke t  cooling water i n t o  work i s  much l e s s  economically 
j u s t i f i a b l e ,  p a r t i c u l a r l y  i n  mobile engine app l i ca t ions .  

Recent advances i n  m a t e r i a l  development have made it poss ib l e  t o  f a b r i c a t e  
some of t h e  i n t e r n a l  p a r t s  of d i e s e l  engines from i n s u l a t i n g  (low-thermal 
conduct iv i ty)  ceramics,  t hus  reducing energy lo s ses  t o  t h e  coolant  and 
lub r i ca t ing  o i l  and enabling the  engine t o  approach a d i a b a t i c  opera t ion  
more c lose ly  (Refs. 1.4-7). The most obvious advantage of t h i s  i s  the  
e l imina t ion  of much of t h e  cooling system i n  t h e  engine along wi th  the  
assoc ia ted  bulk,  complexity, lower r e l i a b i l i t y  and cos t .  This  advantage 
c o n s t i t u t e s  t he  major impetus f o r  t he  development of a d i a b a t i c  ( in su la t ed )  
d i e s e l  engines f o r  tank propulsion. 

Because in su la t ed  d i e s e l  engines ( I D E )  r e t a i n  a l a r g e r  f r a c t i o n  of t h e  f u e l  
energy i n  the  working medium (combustion products)  , t h e i r  thermal 
e f f i c i e n c y  has been shown t o  be s i g n i f i c a n t l y  higher  t han  t h a t  of t h e i r  
conventional counterpar t s .  Furthermore, i n su la t ed  d i e s e l  engines discharge 
t h e i r  exhaust gases  a t  much higher  temperatures approaching, and poss ib ly  
exceeding 1400 F f o r  a wel l - insulated engine. The energy balance of an 
in su la t ed  engine is considerably d i f f e r e n t  from t h a t  of a conventional 
engine, wi th  most of t h e  r e j e c t e d  energy i n  in su la t ed  engines discharged 
with t h e  exhaust gases ,  leaving only  a small f r a c t i o n  t o  be r e j ec t ed  
through t h e  l u b r i c a t i n g  o i l  o r  r e s i d u a l  cool ing.  

I 

The higher  exhaust gas  temperatures and t h e  l a r g e r  f r a c t i o n  of energy 
contained i n  t h e  exhaust gases  of an in su la t ed  engine present  an a t t r a c t i v e  
opportuni ty  f o r  exhaust power recovery and o v e r a l l  thermal e f f i c i ency  
improvement through t h e  use of advanced cos t - e f f ec t ive  and r e l i a b l e  
bottoming systems i n  conjunct ion wi th  these  engines.  Such an improvement 
w i l l  have t h e  s t ronges t  economic impact i n  the  heavy-duty t r anspor t  s e c t o r ,  
where space l i m i t a t i o n s  are not  as c r i t i ca l  as they a r e  i n  tank 
a p p l i c a t i o n s ,  and where l a rge  q u a n t i t i e s  of va luable  petroleum f u e l  a r e  
being consumed b 
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Other advantages t h a t  have been claimed f o r  t h e  in su la t ed  d i e s e l  engine 
include wider f u e l  q u a l i t y  to l e rance ,  lower p a r t i c u l a t e  emissions and lower 
thermal po l lu t ion .  These advantages s t rengthen  the  case f o r  developing 
in su la t ed  d i e s e l  engines with in t eg ra t ed  exhaust energy recovery systems 
f o r  heavy-duty t r anspor t  app l i ca t ions .  

Previous R&D e f f o r t s  on power recovery from high temperature waste energy 
streams i n  gene ra l ,  and d i e s e l  engine exhaust i n  p a r t i c u l a r ,  have focused 
almost exc lus ive ly  on Rankine cyc les  (e.g., Refs. 1.2, 1.3, 1.9, 1.10) 
using e i t h e r  organic  working f l u i d s  o r  steam. Organic Rankine cyc les  a r e  
usua l ly  by t h e  lack  of s a f e ,  inexpensive working f l u i d s  t h a t  w i l l  
remain chemically s t a b l e  a t  t h e  high exhaust temperatures of insu la ted  
d i e s e l  engines .  I n  f a c t ,  acceptab le  organic  f l u i d s  f o r  Rankine cycle  
app l i ca t ions  appear a t  present  t o  be l imi t ed  t o  maximum temperatures below 
700 F. This condi t ion  l i m i t s  t h e  a b i l i t y  of organic  Rankine cyc les  
e f f i c i e n t l y  t o  u t i l i z e  exhaust gases  a t  temperatures i n  excess  of 1000 F 
such as those discharged by in su la t ed  d i e s e l  engines.  Such i s  not  t he  case  
with steam Rankine cyc les  which, nonetheless ,  s u f f e r  from t h e  performance 
shortcomings of small high-expansion-ratio steam expanders. 

The preceding arguments provide t h e  motivat ion f o r  t h e  DOE/NASA Advanced 
Waste Heat U t i l i z a t i o n  Program, whose goal  it i s  t o  explore  new concepts 
f o r  higher  temperature waste hea t  recovery systems app l i cab le  t o  the  
heavy-duty t r anspor t  s ec to r .  The present  r e p o r t  describe's t he  work 
performed by the  United Technologies Research Center (UTRC) t o  a s s e s s  the  
f e a s i b i l i t y  of one c l a s s  of such systems, v iz . ;  exhaust-driven Brayton 
Bottoming Systems (BBS). 

l imi ted  

1.2 Program Object ives  

The s p e c i f i c  o b j e c t i v e  of t he  UTRC program i s  t o  provide an a n a l y t i c a l  
assessment of t he  t echn ica l  and economic f e a s i b i l i t y  of exhaust-driven 
Brayton bottoming systems f o r  i n su la t ed  d i e s e l  engines i n  long-haul 
heavy-duty t ruck  app l i ca t ions .  A f u r t h e r  o b j e c t i v e  of t h i s  program i s  t o  
i d e n t i f y  the  c r i t i c a l  technologies  t h a t  must be developed before  these  
systems can be reduced t o  commercial p rac t i ce .  

1.3 Program Scope 

The UTRC program was s t ruc tu red  around t h r e e  main work packages. The 
purpose of t h e  f i r s t  package was t o  cha rac t e r i ze  t h e  Performance and design 
f e a t u r e s  of i n su la t ed  d i e s e l  engines over a range of opera t ing  condi t ions .  
John Deere Product Engineering Center was  subcontracted by UTRC t o  provide 

, t h i s  information. The second package comprised a l l  t h e  performance and 
design ana lyses  pe r t a in ing  t o  the  Brayton cyc le  bottoming system i t s e l f  and 
was by UTRC wi th  a s s i s t a n c e  from t h e  Hamilton Standard Divis ion 
(HSD) The t h i r d  package, which 
engines with o r  without BBS. The union of t hese  t h r e e  work packages 
enabled UTRC t o  a s s e s s  BBS both inasmuch a s  they are a f f ec t ed  by t h e  
engine, and inasmuch a s  they a f f e c t  t ruck  performance over t y p i c a l  d r iv ing  
cyc les  . 

performed 
of United Technologies Corporation (UTC) . 
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1.4 Report Organization 

This r epor t  comprises e igh t  (8) chapters  of which t h i s  in t roduct ion  i s  t h e  
f i r s t .  Chapter 2 descr ibes  the  general  c h a r a c t e r i s t i c s  of BBS and p resen t s  
a q u a l i t a t i v e  comparison among severa l  BBS conf igura t ions .  Chapter 3 
covers t h e  unique c h a r a c t e r i s t i c s  of i n su la t ed  d i e s e l  engines p a r t i c u l a r l y  
those  t h a t  could a f f e c t  t he  design and opera t ion  of BBS. A parametr ic  
ana lys i s  of t h e  performance of BBS over  a wide range of design condi t ions  
i s  given i n  Chapter 4. The bulk of t h e  BBS design ana lys i s  and trade-off 
s t u d i e s  is  given i n  Chapter 5 which a l s o  provides t h e  s p e c i f i c a t i o n s  and 
layout of t h e  se l ec t ed  BBS and i ts  major components. Chapter 6 conta ins  a 
desc r ip t ion  of t h e  veh ic l e  performance ana lys i s  including f u e l  economy 
comparisons among va r ious  powertrain conf igura t ions  and duty cyc les .  
Chapter 7 conta ins  the  r e s u l t s  of t h e  l i f e - cyc le  cos t  ana lys i s  and 
comparisons, and Chapter 8 p r e s e n t s  a d i scuss ion  of t h e  r e s u l t s ,  an 
assessment of the  t echn ica l  b a r r i e r s ,  conclusions and recommendations f o r  
f u t u r e  work. 
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2. EXHAUST-DRIVEN BRAYTON CYCLES 

2.1 Prel iminarv Considerat ions 

Power recovery from hot exhaust gas streams has been under i n v e s t i g a t i o n  
and development by UTRC and o the r s  f o r  many years .  Most of these  
inves t iga t ions  have focused on Rankine cyc les  (Refs. 1.2, 1.3, 1.91, 
although s t u d i e s  of Brayton cycles  (Refs. 1.10, 2.1) and S t i r l i n g  cyc les  
(Kef. 1.9) have a l s o  been conducted. 

Rankine cyc les  using s u i t a b l e  organic  or inorganic  working f l u i d s  can be 
adapted t o  a wide v a r i e t y  of waste hea t  recovery a p p l i c t i o n s  i n  the  low- t o  
moderate temperature range. However, no s a t i s f a c t o r y  organic  f l u i d  y e t  
e x i s t s  t h a t  w i l l  provide high performance with a minimum of f i r e  and h e a l t h  
hazard while  remaining chemically s t a b l e  a t  temperatures i n  excess  of about 
700 F. With such f l u i d s ,  e l abora t e  s e a l s  must be used t o  minimize leakage. 
Furthermore, when space i s  l imi ted ,  a s  it i s  i n  a t ruck ,  t he  complexity and 
bulk of t h e  Rankine cyc le  hea t  exchangers (prehea ter ,  b o i l e r ,  regenera tor ,  
and condenser) and t h e i r  assoc ia ted  plumbing, c o n s t i t u t e  a s e r i o u s  drawback 
t h a t  may prevent  t he  commercial a c c e p t a b i l i t y  of Rankine cyc le  bottoming of 
t ruck  d i e s e l  engines ,  d e s p i t e  t he  performance advantage t h i s  cyc le  may 
o f f e r .  f 

The use of steam may e l imina te  t h e  thermal s t a b i l i t y  and sea l ing  problems 
encountered with organic  f l u i d s  but w i l l  no t  a l l e v i a t e  t he  drawback 
a s soc ia t ed  with the  complexity and bulk of t he  hea t  exchangers and t h e i r  
plumbing. Furthermore, t h e  design of an e f f i c i e n t  , r e l i a b l e  and 
cos t - e f f ec t ive  steam expander i n  the  20-50 EP s i z e  range s t i l l  c o n s t i t u t e s  
a formidable chal lenge (Refs. 1.9, 1.10) owing t o  t h e  very high volume 
expansion r a t i o  such expanders must cope wi th  i n  a l l  but t h e  most 
i n e f f i c i e n t  low-pressure steam Rankine cyc les .  

S t i r l i n g  cyc le s ,  which a r e  capable of high thermal e f f i c i e n c y  and not 
l imi ted  by working f l u i d  decomposition, are s t i l l  i n  an e a r l y  s t age  of 
development. L i t t l e  r e l i a b l e  information i s  a v a i l a b l e * o n  t h e i r  commercial 
p o t e n t i a l  s ince  no ve r s ion  of S t i r l i n g  engine i s  c u r r e n t l y  i n  commercial 
product ion and none i s  expected t o  become so i n  t h e  near  f u t u r e .  

Brayton cycles, on t h e  o the r  hand, use air  or combustion products  a s  t h e  
working medium and a r e ,  t he re fo re ,  f r e e  from t h e  major shortcomings of 
Rankine cyc les .  Brayton bottoming systems c o n s t i t u t e  a n a t u r a l  extension 
of turbocompounding concept which has been recognized for a long t i m e  
as a r e l a t i v e l y  simple method t o  improve engine performance within 
acceptab le  l e v e l s  of hardware complexity (Ref. 1.1). I n  f a c t ,  t he  Brayton 
bottoming concept can be thought of as enhanced turbocompounding as can 
be seen i n  Fig. 2.1 which c o n t r a s t s  a turbocompound engine with a 
BBS-equipped engine. 

t he  

Because Exhaust-driven Brayton-Bottoming Systems (BBS) a r e  not 
temperature-limited by working f l u i d  decomposition, they a r e  b e t t e r  su i t ed  
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FIG. 2.1 
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than Rankine systems t o  t ake  advantage of t he  much higher  temperature of 
i n su la t ed  engine exhaust.* Exhaust-driven Brayton bottoming systems 
comprise hardware components wi th  which t h e  heavy-duty t ruck  indus t ry  i s  
q u i t e  f a m i l i a r ,  namely: 

. small  high-speed turbomachines l i k e  those widely used as 
. superchargers  and exhaust t u rb ines  ( f o r  turbocharging or 
turbocompound ing 

. gas-to-gas compact hea t  exchangers l i k e  those used as super- 
charger  a f t e r c o o l e r s  i n  many d i e s e l  engines.  

Both items can be e a s i l y  in t eg ra t ed  with d i e s e l  engines.  I n  p a r t i c u l a r ,  it 
may be poss ib l e  t o  i n t e g r a t e  t h e  engine turbocharger  with t h e  
turbomachinery of t he  BBS t o  y i e l d  a simpler package. Another advantage of 
Brayton systems i s  $hat t h e i r  response t o  engine modulation w i l l  be 
r e l a t i v e l y  f a s t .  This  i s  a t t r i b u t e d  mainly t o  t h e  lower thermal i n e r t i a  of 
t h e  Brayton cyc le  primary heat  exchanger i n  comparison wi th  t h e  
f l u i d - f i l l e d  hea t  exchangers i n  Rankine cyc le  systems. This  advantage i s  
p a r t i c u l a r l y  important i n  automotive power p l an t  app l i ca t ions .  

2.2 System Configurat ions 

2.2 1 Ergtog  B t t g m i n g  Syktgns <BBS2 I 

Brayton cyc le  bottoming systems can be configured i n  many ways t o  match the  
s p e c i f i c  c h a r a c t e r i s t i c s  of t he  engine. Two bas i c  types of Brayton 
bottoming systems (BBS) can be i d e n t i f i e d .  

a .  Direct  subatmospheric BBS (e.g., F ig .  2.2) 
b. I n d i r e c t  p ressur ized  BBS (e.g., Fig. 2.3) 

The main conf igu ra t iona l  d i f f e rence  between t h e  two i s  the  p o s i t i o n  of t he  
primary heat  exchanger. I n  the  f i r s t  case (subatmospheric),  t h e  hot  
exhaust gas from t h e  engine i s  expanded d i r e c t l y  i n  t h e  tu rb ine  t o  a 
subatmospheric pressure  then cooled i n  an air-cooled sur face  hea t  exchanger 
before  pumping it up t o  s l i g h t l y  more than one-atmosphere f o r  d i sposa l .  I n  
t h e  second case ,  t he  hot  engine exhaust is used t o  hea t  a i r  t h a t  has  been 
drawn from t h e  atmosphere and compressed before  en te r ing  t h e  primary hea t  
exchanger. The hot  compressed a i r  i s  then expanded i n  the  tu rb ine  down t o  
atmospheric pressure .  Both recupert ive- type hea t  exchangers and 
regenerative**-type hea t  exchangers can be used. 

*Contrariwise,  Rankine cyc les  c o n s t i t u t e  a b e t t e r  match t o  lower exhaust 
temperatures (<lo00 F) than Brayton cyc les .  

**NASA LeRc 
tu rb ine  ceramic mat r ix  regenera t ive  hea t  exchanger i s  t o  be used. 

i s  analyzing a system of t h i s  kind i n  which an automotive gas 
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FIG. 2.3 
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The s implest  arrangement of a subatmospheric or a pressurized BBS is one 
which employs a single-shaf t turbine/compressor u n i t  with a s ingle-s tage 
tu rb ine  and a s ingle-s tage compressor. The subatmospheric vers ion  of t h i s  
arrangement i s  shown i n  Fig.  2.1. Of in te rmedia te  complexity a r e  t h e  two 
arrangements shown i n  Figs .  2.2 and 2.3 which comprise a s ingle-shaf t  
turbine/compressor u n i t  with a s ingle-s tage tu rb ine  and an in te rcooled  two- 
s t age  compressor. A more complex arrangement which may o f f e r  add i t iona l  
design f l e x i b i l i t y  could employ a two-shaf t turbine/compressor t h a t  
comprises a compressor and i t s  d r ive  tu rb ine  on one sha f t  and a free-power 
tu rb ine  on another  s h a f t .  

The above-mentioned v a r i a t i o n s  c o n s t i t u t e  Brayton bottoming systems t h a t  
are independent of t h e  engine turbocharging u n i t .  Addi t ional  v a r i a t i o n s  
can be configured i n  which t h e  engine turbocharger (or supercharger d r i v e )  
i s  in t eg ra t ed  with t h e  BBS. However, because the  design of t he  
turbocharger  u n i t  i s  in t ima te ly  connected with t h e  design of t he  engine 
i t s e l f ,  it was deemed more appropr ia te  i n  t h i s  program t o  consider  t he  
turbocharger  a s  p a r t  of t he  engine and t o  focus the  e f f o r t  on Brayton 
systems t h a t  rece ive  t h e  hot gases from the  engine a f t e r  t hese ,gases  have 
passed through the  turbochanger turbine.  

Brayton bottoming systems must be operated a t  very high speeds i n  order  t o  
achieve high performnce. A speed reducing device must be interposed 
between the  BBS and engine sha f t .  A constant  r a t i o  reduct ion gearbox i s  by 
f a r  t he  s implest  device.  The main disadvantage of such a device i s  t h a t  i t  
w i l l  f o r c e  the  BBS t o  run a t  a f ixed  mul t ip l e  of t he  engine speed which may 
not  be t h e  optimum BBS speed under the  corresponding engine exhaust 
temperature and flow r a t e .  A v a r i a b l e  speed reducer wi th  a s u i t a b l e  
c o n t r o l l e r  w i l l  a l l e v i a t e  t h i s  drawback, a l b e i t  with add i t iona l  complexity 
and cos t .  A v a r i a b l e  speed reducer f o r  BBS app l i ca t ions  could comprise a 
constant  r a t i o  reduct ion  gearbox, followed by a s i m p l e ,  low-ratio v a r i a b l e  
speed reducer ,  e.g., a b e l t  and cone d r ive .  Regardless of t he  type of 
speed reducing device used, a freewheeling c l u t c h  must be interposed 
between the  output s h a f t  of t he  speed-reducer and the  engine i n  order  t o  
ensure t h a t  t h e  engine w i l l  not  d r i v e  t h e  bottoming system when t h e  l a t t e r  
i s  not genera t ing  power. 

2.3 Q u a l i t a t i v e  Comparison of BBS Configurat ions 

The two b a s i c  ve r s ions  of BBS d i f f e r  i n  a number of d e t a i l s  t h a t  can 
s i g n i f i c a n t l y  a f f e c t  t h e i r  s u i t a b i l i t y  f o r  use with d i e s e l  engines i n  
gene ra l  and in su la t ed  d i e s e l  engines i n  p a r t i c u l a r .  The most s i g n i f i c a n t  
d i f f e rence  i s  t h a t  t h e  engine exhaust gas passes  d i r e c t l y  through the  BBS 
turbomachines i n  t h e  subatmospheric ve r s ion  ( t h e  d i r e c t  BBS), whereas only 
a i r  passes  through the  turbomachines of t h e  pressur ized  vers ion  ( t h e  
i n d i r e c t  BBS). The impl ica t ions  of t h i s  are discussed b r i e f l y  i n  the  
following paragraphs.  
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2 3.1 Regpgnge-Time- 

Although both ve r s ions  of t he  BBS a r e  expected to  have much f a s t e r  
response t o  engine modulation than Rankine cyc le  systems, t h e  d i r e c t  
(subatmospheric) BBS is expected t o  have t h e  f a s t e s t  response. This i s  
because no m e t a l l i c  p a r t s  wi th  large thermal iner t ia  in te rvene  between t h e  
hot engine exhaust and t h e  a c t i v e  components of t h e  BBS i n  t h i s  case. In 
f a c t ,  because t h e  hea t  exchanger sur face  w i l l  s tar t  from a co lde r  state,  
the  start up t r a n s i e n t  power output of t h e  subatmospheric BBS may exceed 
i ts  s teady-s ta te  output  f o r  a b r i e f  i n t e r v a l  of time." The primary hea t  
exchanger su r face  m a t e r i a l  in te rvenes  between t h e  hot  engine exhaust and 
t h e  working f l u i d  ( a i r )  i n  t he  pressur ized  BBS, which w i l l  r e s u l t  i n  a 
slower respon'se compared with t h e  subatmospheric BBS. 

The f a s t  response time of t h e  subatmospheric BBS p laces  i t  nea r ly  on an 
equal foo t ing  wi th  turbocompounding i n  t h i s  regard.  It i s  an advantage 
t h a t  no t  shared by any of t h e  i n d i r e c t  bottoming systems, p a r t i c u l a r l y  
Rankine cyc le  systems, which employ dense working f l u i d s  wi th  a l a rge  
thermal i n e r t i a .  

i s  

Because d i e s e l  engine exhaust gases  conta in  p a r t i c u l a t e s ,  s u l f u r  oxides  and 
water vapor,  fou l ing  and corrosion may a f f e c t  those p a r t s  of a d i e s e l  
bottoming system t h a t  come i n  contact  with these  gases. Oxidation and high 
temperature cor ros ion  may a t t a c k  the  exposed hot  p a r t s  of t h e  system, 
whereas ac id  cor ros ion  may a t t a c k  t h e  low-temperature p a r t s ,  un less  t he  
ma te r i a l s  a r e  c a r e f u l l y  se l ec t ed  or un les s  s p e c i a l  p rovis ions  a r e  made t o  
p ro tec t  t he  vulnerable  sur faces .  

The two bas i c  BBS conf igu ra t ions  d i f f e r  considerably i n  t h e i r  v u l n e r a b i l i t y  
t o  cor ros ion  and foul ing .  In t h e  pressurized BBS, only t h e  hot-side of t he  
primary hea t  exchanger w i l l  be exposed t o  the  hot  engine exhaust.  Fouling 
and cor ros ion ,  i f  they occur ,  w i l l  be confined t o  t h i s  p a r t  of t h e  system. 
Being exposed d i r e c t l y  t o  the  ho t  gases discharged by t h e  engine, t he  hot 
s ec t ion  of t h e  primary hea t  exchanger must be f a b r i c a t e d  from a s u i t a b l e  
ma te r i a l .  Low-temperature ac id  cor ros ion  i s  not  ' l i k e l y  t o  be a s e r i o u s  
problem i n  t h i s  case  because t h e  gas temperature remains r e l a t i v e l y  high,  
as ind ica ted  i n  the  r ep resen ta t ive  T-S diagram of Fig. 2.3. 

The s i t u a t i o n  i s  q u i t e  d i f f e r e n t  i n  the  subatmospheric BBS, where t h e  
tu rb ine ,  t h e  hot  s i d e  of primary heat  exchanger, compessor, and, i f  one i s  
used, t h e  hot-side of t he  in t e rcoo le r  w i l l  a l l  be exposed t o  t h e  engine 
exhaust.  Problems of high-temperature cor ros ion ,  i f  p re sen t ,  w i l l  be 
confined t o  the  turb ine .  As shown i n  t h e  T-S diagram of F igure  2.2, t he  
hot end of t he  primary heat  exchanger w i l l  be  exposed t o  gases  whose 
temperature has been reduced i n  the  turb ine .  This w i l l  diminish the  

* The hea t  exchanger w i l l  appear t o  have a h igher  e f f e c t i v e n e s s  during 
s t a r t - u p  or sudden loading of t h e  BBS. 
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p r o b a b i l i t y  of high-temperature corrosion i n  t h e  heat-exchanger. However, 
t h e  exhaust gases  must be cooled i n  t h e  hea t  exchanger t o  a s  low a 
temperature as poss ib l e  i n  order  t o  lower t h e  compressor power consumption 
and improve system e f f i c i e n c y  (see  Fig. 2.2). Consequently, t h e  cold 
s e c t i o n  of t h e  system, v i z . ,  primary hea t  exchanger cold end, compressor 
and i n t e r c o o l e r  ( i f  any) ,  w i l l  be more vulnerable  t o  a c i d  cor ros ion  and 
a s soc ia t ed  foul ing .  

2.3.3 &e&agive-Sizg 

The opera t ing  pressure  of t h e  subatmospheric cyc le  w i l l  be much lower than 
t h a t  of t he  pressur ized  cycle .  This w i l l  lead t o  l a r g e r  turbomachnery and 
hea t  exchangers i n  t h e  subatmospheric cycle .  Although turbomachinery c o s t  
gene ra l ly  increases  with s i z e ,  l a rge r  turbomachines tend t o  be more 
e f f i c i e n t  than small ones. The net' e f f e c t  of these  two oppos i te  t rends  can 
be determined only through a d e t a i l e d  design and l i fe -cyc le  c o s t  ana lys i s .  

A s  mentioned earlier, t h e  subatmospheric BBS r ep resen t s  a l o g i c a l  ex ten t ion  
of t h e  turbocompounding concept. Because of t h e  lack of a phys ica l  
s epa ra t ion  between t h e  gas flow pa ths  i n  t h e  engine and t h e  BBS i n  t h i s  
case ,  t h e  la t ter  cannot be t r ea t ed  as a simple add-on. Unless t h e  
subatmospheric BBS i s  c a r e f u l l y  matched t o  t h e  engine o v e r I t h e i r  common 
opera t ing  range,  t h e  BBS may impose adverse back pressures on t he  engine 
t h a t  could lower t h e  o v e r a l l  performance. This s t rongly  suggests  t h a t ,  
l i k e  t h e  exhaust t u rb ines  i n  turbocompounded engines ,  t h e  subatmospheric 
BBS must be designed simultaneously with t h e  engine and the  combination 
should be optimized as one composite system. This may o f f e r  oppor tun i t i e s  
f o r  a combined design i n  which the  engine and the  BBS complement each o the r  
s y n e r g i s t i c a l l y .  

I n t e g r a t i n g  a pressur ized  cyc le  with the  engine is  much l e s s  r e s t r i c t i v e  
owing t o  t h e  phys ica l  s epa r t ion  between t h e  gas  flow paths .  In f a c t ,  a t  
l e a s t  i n s o f a r  as t h e  f l u i d  pa th  design i s  concerned, t h e  pressurized BBS 
can be designed as an add-on package t o  be connected t o  the  engine exhaust 
pipe and l inked mechanically with the  engine s h a f t .  

On t h e  b a s i s  of t he  preceding arguments, it may be concluded t h a t  t he  
t h r e e  main advantages of t h e  subatmospheric BBS r e l a t i v e  t o  the  pressurized 
BBS are: 

1 )  
2) B e t t e r  high temperature c a p a b i l i t y  
3 )  

F a s t e r  response t o  engine modulation 

Higher p o t e n t i a l  for synergism i n  i n t e g r a t i o n  with engine. 

The most s e r i o u s  weakness of the  subatmospheric system re s ides  i n  i t s  
higher  v u l n e r a b i l i t y  t o  ac id  corrosion and foul ing  and the  p o t e n t i a l  
adverse impact of these  problems on engine back pressure.  

The main advantages of t h e  pressur ized  
BBS a re :  

BBS r e l a t i v e  t o  t h e  subatmospheric 
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1) 
2) More compact s i z e  
3)  
4) Wider design f l e x i b i l i t y .  

Lower v u l n e r a b i l i t y  t o  acid cor ros ion  and fou l ing  

Lower p o t e n t i a l  f o r  a f f ec t ing  t h e  engine adversely 

The last two advantages stem from t h e  add-on na tu re  of t h e  pressur ized  BBS. 

This comparison suggests t h a t  t h e  design of a pressur ized  BBS 
w i l l  be less problematic and would, t he re fo re ,  have a b e t t e r  chance for 
success  than the  design of a subatmospheric BBS, d e s p i t e  t he  a t t r a c t i v e  
advantages of t h e  l a t t e r .  

q u a l i t a t i v e  
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3. INSULATED DIESEL ENGINE CBARCTERISTICS 

Insula ted  d i e s e l  engines achieve t h e i r  high thermal e f f i c i ency  and 
increased exhaust temperature and energy conten t  by e l imina t ing  a l a rge  
f r a c t i o n  of t h e  coolan t  hea t  loss. This can be accomplished by 
s u b s t i t u t i n g  low-thermal-conductivity ceramics for t h e  conventional 
m a t e r i a l s  used i n  the  f a b r i c a t i o n  of hot engine p a r t s  such as t h e  
combustion chamber walls, p i s t o n  crown, cy l inde r  l i n e r s ,  va lves  and valve 
guides  and exhaust p o r t s .  Major developments i n  in su la t ed  engine 
technology by Cummins and o t h e r s  have focused on e l imina t ing  t h e  engine 
primary cool ing system, providing only f o r  t h e  cool ing of t h e  lub r i ca t ing  
o i l .  

3.1 Design Fea tures  

True a d i a b a t i c  opera t ion  of an i n t e r n a l  combustion engine can only be 
achieved through pe r fec t  i n s u l a t i o n ,  including t h e  t o t a l  e l imina t ion  of o i l  
cooling. The development of such an engine i s  a formidable t a sk  t h a t  i s  
cont ingent  upon t h e  a v a i l a b i l i t y  of ceramics and lub r i can t s  t h a t  can 
withstand t h e  high pressures  and temperatures i n s i d e  f u l l y  in su la t ed  
engines.  Much of t h e  cu r ren t  a d i a b a t i c  engine development e f f o r t  i s  
focused on semi-insulated engines t h a t  can operate without a cooling j acke t  
but  s t i l l  use lub r i ca t ing  o i l  and poss ib ly  an o i l  cooler .  In so fa r  as power 
genera t ion  through exhaust energy u t i l i z a t i o n  i s  concerned, t h e  degree of 
i n s u l a t i o n ,  D I ,  of an engine can be measured by 

D I  = ( W  + Qe>/Qf  (3.1) 

i n  W is t he  f r a c t i o n  of f u e l  energy, Q f  , converted i n t o  s h a f t  work 
and Qe is  t h e  f r a c t i o n  remaining i n  t h e  exhaust gases. The degree of 
i n s u l a t i o n  i s  un i ty  f o r  f u l l y  in su la t ed  ( a d i a b a t i c )  engines.  The degree of 
i n s u l a t i o n  f o r  a conventional d i e s e l  engine i s  about 0.7; semi-insulated 
engines f a l l  between these  two l i m i t s .  

which 

I f  no exhaust energy u t i l i z a t i o n  i s  contemplated, t h e  thermal e f f i c i e n c y  of 
t h e  engine ( W / Q f  becomes t h e  most s i g n i f i c a n t  performance f a c t o r .  
However, when exhaust-driven bottoming systems are addfed t o  t h e  engine, t h e  
e f f i c i e n c y  of t h e  combination i s  measured by t h e  o v e r a l l  conversion 
e f f i c i ency  

(3.2) 

(3 .3 )  

wherene is t h e  engine thermal e f f i c i e n c y , ‘ I b i s  t h e  bottoming system thermal 
e f f i c i e n c y  and 6 i s  t h e  f r a c t i o n  of energy discharged from t h e  engine wi th  
t h e  exhaust gases. In such an arrangement, engine nrodifications t h a t  may 
increase  ne may no t  lead  t o  higher  ‘lo i f  they adversely a f f e c t  t h e  
performance of t h e  bottoming system a t  e i t h e r  fu l l - load  or part-load 
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condi t ions.  An example of t h i s  circumstance i s  t h e  use of a supercharger 
a f t e r c o o l e r .  It is  known t h a t  the use of such a device i n  a conventional 
engine both increases  volumetric e f f i c i e n c y  and improves thermal 
e f f i c i ency .  Af te rcool ing ,  however, results i n  a lower exhaust temperature,  
which could mean lower bottoming system output ,  and poss ib ly  lower o v e r a l l  
output  f o r  a f t e rcoo led  engines equipped wi th  bottoming systems. 

Recognizing the  importance of engine/bottoming system i n t e r - r e l a t i o n ,  UTRC 
decided not  t o  base t h e  design of t h e  bottoming system on a s i n g l e  set of 
i n su la t ed  engine d a t a  and decided, i n s t ead ,  t o  cons ider  s e v e r a l  v a r i a t i o n s  
of i n su la t ed  d i e s e l  engine design, with and without supercharger 
a f t e rcoo l ing  and covering a range of degrees of i n su la t ion .  P e r t i n e n t  d a t a  
on in su la t ed  d i e s e l  engines were obtained from two sources:  

( a )  NASA, who provided UTRC wi th  the  fu l l - load  performance c h a r a c t e r i s t i c s  
of turbocharged (TC) , turbocharged and af te rcooled  (TC/A), turbocom- 
pounded (TCPD) and turbocompounded and af te rcooled  (TCPD/A) engines. 

John Deere Product Engineering Center,  who, under subcontract  t o  UTRC, 
provided t y p i c a l  f u l l -  and part-load performance c h a r a c t e r i s t i c s  of 
turbo-charged semi-insulated engines wi th  and without a f t e r c o o l e r s  as 
wel l  as f o r  a hypothe t ica l  near a d i a b a t i c  without a f t e r c o o l e r s  as w e l l  
a s  f o r  a hypothe t ica l  near  ad iaba t i c  " fu l ly  insu la ted"  engine. 

(b )  

f 

Given below are t h e  p e r t i n e n t  performance d a t a  f o r  these  engines.  

3.2 Engine Performance C h a r a c t e r i s t i c s  

An engine performance map provides  contours of cons tan t  brake s p e c i f i c  f u e l  
consumption (bs fc )  i n  a torque-speed plane. Combined wi th  the  veh ic l e  and 
d r i v e  t r a i n  c h a r a c t e r i s t i c s ,  t h i s  map can be used t o  c a l c u l a t e  t he  f u e l  
consumption of t h e  veh ic l e  over a spec i f i ed  d r iv ing  cyc le .  However, i n  
order  t o  design an exhaust-driven bottoming system and match it  with the  
engine over i t s  l i k e l y  opera t ing  domain, t h e  engine exhaust flow r a t e ,  
temperature and thermal and chemical c h a r a c t e r i s t i c s  must a l s o  be provided 
over t he  opera t ing  domain. I n  addi t ion  t o  t h i s  information,  t h e  inf luence  
of engine back-pressure on engine performance must alsq be given because 
t h e  add i t ion  of a bottoming system may r e s u l t  i n  a higher  engine back 
p res  sure .  

The engine d a t a  provided by NASA-Lek r e f l e c t  t h e  performance of 
turbocharged semi-insulated engines i n  which about 60 percent  of t h e  energy 
t h a t  would normally be l o s t  t o  t he  coolant  has been r e t a i n e d  i n  the  
combustion products  owing t o  t h e  e l imina t ion  of t h e  water j acke t .  A l l  
these  engines a r e  i n  t h e  300-350 hp c l a s s  s u i t a b l e  for powering heavy duty 
(class-8)  long-haul t rucks .  The d a t a  provide t h e  fu l l - rack  performance 
c h a r a c t e r i s t i c s  of four  vers ions  of one such engine f o r  both a f te rcooled  
and nonaftercooled conf igura t ions  with or without turbocompounding. These 
da t a  cover only a l imi ted  range of engine opera t ion  extending from the  
maximum torque poin t  (about 1300 rpm) t o  t h e  maximum power po in t  (about 
1900 rpm) a t  fu l l - load  ( f u l l  rack pos i t i on ) .  The performance 
c h a r a c t e r i s t i c s  of t hese  engines a t  t h e i r  r a t e d  output are summarized i n  
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Table 3.1. The torque r i s e  f o r  these  engines i s  about 15  percent  which i s  
t y p i c a l  for heavy-duty t ruck  app l i ca t ions .  The degree of i n s u l a t i o n  of 
these  engines was est imated t o  range from 0.83 f o r  t h e  TC/A engine t o  0.88 
f o r  t he  TC engine.  

3.2.2 Errsing Ea&a-Pcoxi&ed b-Dgee 

Much more d e t a i l e d  information was provided t o  UTRC by t h e  John Deere 
Product Engineering Center on conventional and in su la t ed  engines. The d a t a  
were generated from a computer s imula t ion  of a turbocharged s ix-cyl inder  
d i r e c t - i n j e c t i o n  d i e s e l  engine. The approximate phys ica l  c h a r a c t e r i s t i c s  
of t he  base l ine  engine block are given i n  Table 3.2. The r a t e d  output of 
t h e  engine i s  about 300 bhp a t  a speed of 1800 rpm; t h e  torque rise i s  
about 20 percent  a t  1300 rpm (maximum torque p o i n t ) .  

Several  vers ions  of t h i s  b a s e l i n e  engine were modeled. I n  a l l  cases  t h e  
engine and turbocharger c h a r a c t e r i s t i c s  were chosen so t h a t  t h e  engine w i l l  
develop 300 bhp a t  1800 rpm with a 20 percent  fu l l - r ack  torque r i s e  a t  1300 
rpm. Because a high exhaust temperature a f t e r  t he  turbocharger t u rb ine  i s  
d e s i r b l e  f o r  t he  opera t ion  of a Brayton bottoming cyc le ,  t he  a i r  t o  f u e l  
r a t i o  was decreased i n  some cases  t o  as low a s  21:1, which s t i l l  provides 
s u f f i c i e n t  excess  a i r  t o  ensure e f f i c i e n t ,  smokeless combustion. 

Several  design i t e r a t i o n s  were performed during the  coqrse of t h i s  
study. These i t e r a t i o n s  were guided by p a r a l l e l  ca l cu la t ions  of t h e  
Brayton bottoming system performance with the  goa l  of increas ing  the  
combined output of t he  engine and bottoming system. S t a r t i n g  with the  
conventional base l ine  engine,  t h e  degree of i n s u l a t i o n  was increased i n  
t h r e e  s t e p s  toward a near-adiabat ic  design.  The degree of i n s u l a t i o n  of 
t h e  conventional base l ine  turbocharged, af ter-cooled engine was estimated 
t o  be about 0.67; t h e  degree of i n s u l a t i o n  of t h e  in su la t ed  engines a r e  a s  
f 0 1 lows : 

engine 

Engine Degree of Insu la t ion  

IDE-1: Semi-insulated-I (TC and TC/A) 0.79 
IDE-2: Semi-insulated-I1 (TC) 0.87 
IDE-3 : Near-adiabat i c  (TC) 0.92 

It can be seen t h a t  t he  t h r e e  in su la t ed  engines cover a range of i n s u l a t i o n  
both lower and higher  than t h a t  of t h e  NASA engines;  t h e  second engine 
(IDE-2) has about t he  same degree of i n s u l a t i o n  as t h e  corresponding NASA 
engine. The c h a r a c t e r i s t i c s  of a l l  t hese  engines a t  t h e  f u l l  rack p o s i t i o n  
between maximum speed (1800 rpm) and peak-torque speed (1300 rpm) were 
obtained,  toge ther  with the  par t - load performance da ta  f o r  t h e  f i r s t  
i n su la t ed  engine (IDE-1) without t h e  a f t e r c o o l e r .  The part-load 
c h a r a c t e r i s t i c s  of t h e  second semi-insulated engine (IDE-21, which i s  a 
highly turbocharged, b e t t e r  i n su la t ed  ve r s ion  of t h e  f i r s t  engine, were 
obtained from a combination of d i r e c t  computer s imulat ion and jud ic ious  
sca l ing  of the  IDE-1 d a t a .  Table 3.3 p resen t s  a comparison of t h e  
important c h a r a c t e r i s t i c s  of t he  TC and TC/A in su la t ed  engines provided by 
both NASA and Deere. It is evident  t h a t  t he  TC NASA engine and the  IDE-2 
TC are f a i r l y  s i m i l a r  i n  c h a r a c t e r i s t i c s ,  a t  l e a s t  wi th  f u l l  power 
opera t ion ,  e s p e c i a l l y  when the  flow is  adjusted f o r  t he  d i f f e rence  i n  Bhp. 

engine 
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TABLE 3.1 

CHARACTERISTICS OF NASA ENGINES AT RATED OUTPUT 

Parameter Engine 

Max. Bhp 

Speed (rpm) 

Bsfc (lb/Bhph) 

Exhaust Flow (lb/min) 

A/F Ratio 

Exhaust Temp. (OF) 

Degree of Insulation 

* 

TC 

317 

1900 

0.315 

48.0 

27.8 

1240 

0.88 

TC/A+ 

320 

1900 

0.310 

47.5 

27.7 

1120 

0.83 

TCPD 

335 

1900 

0.297 

47.8 

27.8 

1140 

0.86 

TCPDI A+ 

340 

1900 

0.293 

48.4 

28.1 

1060 

0.84 

+ 
Charge air cooled down to 140 F after compressor. 

* 
Outlet of turbocharger or turbocompounding turbine. 
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TABLE 3 . 2  

CHARACTERISTICS OF INSULATED DIESEL ENGINES 

Type 

No.  of Cyl inders  

Bore ( inch)  

S t roke  ( inch)  

Compression Rat io  

In t ake  Valve D i a m .  ( i n . )  

Exhaust Valve D i a m .  ( i n . )  

Torque R i s e  (from 1800 t o  1300 rpm) 

Maximum Power (hp) 

Speed @ Max. Power (rpm) 

Turbocharged 
6 

5.12 

5.51 

16: 1 

1 . 7 2  x 2 

1 . 7 2  x 2 

2 0% I 

300 

1800 
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TABLE 3.3 

COMPARISON OF FULL-POWER PERFORMANCE 
OF INSULATED DIESEL ENGINES 

Parameter Engine NASA-TC NASA-TC/A IDE-l/TC IDE-I/TC/A IDE-2/TC IDE-3/TC 

Max. Bhp 317 320 300 300 300 300 

Speed (rpm) 1900 1900 1800 1800 1800 1800 

Bsfc (lb/Bhph) 0.315 0.310 0.315 0.304 0.315 0.289 

Exhaust Flow 
(lb/min) 48.0 47.5 36.5 33.5 43.8 33.1 

A/F Ratio 27.8 27.7 22.1 21.0 26.7 21.9 

Exhaust Temp. 1240 1120 1265 1240 1260 1510 

Degree of 
Insulation 0.88 0.83 0.79 0.78 0.87 0.92 

f * 

* 
Outlet of turbocharger turbine 
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The NASA TC/A and t h e  IDE-l/TCIA engines provide an i n t e r e s t i n g  c o n t r a s t ;  
t h e  former d ischarges  47.5 lb/min of exhaust a t  1120 F ,  whereas t h e  la t ter  
d ischarges  33.5 lb/min of exhaust a t  a higher  temperature of -1240 F. 
The exhaust energy amounts near ly  t o  2440 Btu/bhph i n  t h e  f i r s t  case and t o  
2060 Btu/bhph i n  t h e  second case. This may appear t o  be an advantage of 
t h e  NASA engine over t h e  Deere engine when used i n  conjunct ion with 
bottoming systems that are not very s e n s i t i v e  t o  v a r i a t i o n s  i n  exhaust 
temperature above a c e r t a i n  l e v e l  (e.g., Rankine cyc les ) .  However, 
bottoming systems whose performance depends s e n s i t i v e l y  on t h e  exhaust gas 
temperature ( egg . ,  Brayton cyc les )  may show g r e a t e r  merit when used with an 
engine l i k e  t h e  IDE-l/TC/A engine, d e s p i t e  i t s  lower exhaust energy 
content .  

only 

Figure 3.1 d e p i c t s  t h e  b s f c  contours f o r  t h e  IDE-l/TC engine. The 
v a r i a t i o n s  of t he  exhaust temperature flow rate, Bhp and b s f c  with speed 
f o r  t h i s  engine a t  fu l l - load  i s  shown in  Fig. 3.2. Within t h e  unce r t a in ty  
l i m i t s  of t he  engine s imulat ion model, Figs .  3.1 and 3.2 can be taken t o  
provide adequate r ep resen ta t ions  of t he  performance d a t a  f o r  t he  highly 
supercharged, b e t t e r  i n su la t ed  vers ion  of t h e  same engine, i.e., IDE-2/TC 
engine,  except f o r  t h e  exhaust flow r a t e  which would be about one f i f t h  
higher  i n  the  second engine. 

Excessive emission of p a r t i c u l a t e  mat te r  ( soot )  p r e s e n t s  a major problem i n  
t h e  design of exhaust-driven bottoming systems f o r  d i e s e l  engines. The 
adhesion of these  p a r t i c u l a t e s  t o  heat  exchanger su r faces  results i n  hea t  
exchanger fou l ing  wi th  an accompanying decrease i n  hea t  exchanger 
e f f e c t i v e n e s s  and increase  i n  pressure  drop. Higher hea t  exchanger 
pressure  drop, i n  t u r n ,  leads t o  higher  engine back-pressure and lower 
engine performance. Although the  exact mechanism of p a r t i c u l a t e  formation 
i n  d i e s e l  engines i s  not  r e l i a b l y  known, t h e r e  i s  s u f f i c i e n t  evidence t o  
suggest t h a t  p a r t i c u l a t e  emissions from insu la t ed  d i e s e l  engines would be 
considerably lower than those from conventional d i e s e l  engines owing t o  t h e  
former's much higher  opera t ing  temperatures (Ref. 1.7). 

Other e f f o r t s  are underway t o  reduce t h e  p a r t i c u l a t e  emissions from d i e s e l  
engine through the  use of f u e l  add i t ives  and c a t a l y s t s  and through 
modif icat ions i n  the  engine f u e l  i n j e c t i o n  system and combustion 
chamber design. These e f f o r t s  a r e  p r imar i ly  motivated by t h e  need t o  
reduce t h e  d e l e t e r i o u s  environmental e f f e c t s  of p a r t i c u l a t e  emissions but  
w i l l  a l s o  prove very b e n e f i c i a l  t o  t he  development of c o s t  e f f e c t i v e  d i e s e l  
bottoming system. 
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FIG. 3.2 

FULL-RACK PERFORMANCE OF DEERE SEMI-INSULATED ENGINE 
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4. PARAMETRIC ANALYSIS OF BOTTOMING SYSTEM PERFORMANCE 

The performance and cost of BBS depend on a large number of internal and 
external design factors each of which may vary over a wide range. The most 
important external factors include exhaust gas flow rate and temperature, 
and ambient air temperature; the most important internal factors include 
cycle pressure ratio, heat exchanger minimum temperature difference, heat 
exchanger pressure drop and turbomachinery efficiency. In a design study, 
the influence of these factors on system performance and equipment cost 
must be assessed so that the optimrrm design parameters can be determined. 

A optimization study in which all the internal design parameters 
are allowed to change in search of the economically optimum values is 
beyond the scope of this project. Nevertheless, much can be learned about 
the sensitivity of the design to changes in the design parameters, and 
about the approximate values of the optimum parameters by performing an 
analysis of the system performance in which the values of the key design 
variables are parametrically varied over suitable ranges. 

detailed 

4.1 AssumDtions and Groundrules 

The parametric analysis was performed for both the subatmospheric and the 
pressurized BBS with and without compressor intercoolers. The calculations 
were performed first for the baseline case characterized in Table 4.1 and 
subsequently for cases in which the key parameters were varied one at a 
time. Because of the higher gas density in the pressurized cycle, and 
hence the smaller turbomachinery size, the efficiency of the turbomachines 
in this case were chosen to be somewhat lower than the values chosen for 
the subatmospheric cycle. Figure 4.1 depicts the effect of size on the 
relative efficiency of turbomachines. 

4.2 Analysis Methodolozv 

In order to allow maximum flexibility in the use of the parametric data, 
the performance of the bottoming system was expressed as an efficiency 
increment, 4~7, such that 

An = AV/Qf (4.1) 

in which AW is the incremental power output of the BBS and Qf is the rate 
of fuel energy input to the engine. In terms of the BBS specific output, 
A w  (per unit exhaust flow rate), the air/fuel ratio, A/F and the fuel 
heating value (HV), the efficiency increment can be written as 

which indicates that for given values of (A/F) and 
proportional to the specific output of the BBS. 

HV, An will be directly 
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TABLE 4.1 

BASELINE CASE CHARACTERISTICS 

Engine A/F Ratio 
Fuel Heating Value (Btu/lb) 
Ambient Air Temperature, F 
Cycle Pressure Drop 
Heat Exchanger Minimum Temp. Difference, F 
Turbine Efficiency: Subatmospheric BBS 

Compressor Efficiency: Subatmospheric BBS 

System External Leakage 

Pressurized BBS 

Pressurized BBS 

27:1 
19,300 
70 
5% 
50 
88% 
84% 
85% 
83% 
nil 
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For each parameter,  t h e  e f f i c i e n c y  increment was computed as a func t ion  of 
t h e  cyc le  pressure  r a t i o ,  P, f o r  both simple and in te rcooled  subatmospheric 
and pressur ized  cyc les .  Figure 4.2 presen t s  t h e  r e s u l t s  of these 
computations f o r  a subatmospheric cycle  with the  exhaust temperature as the  
parameter. S imi la r  computations were performed t o  quant i fy  t h e  e f f e c t s  of 
t h e  hea t  exchanger minimum temperature d i f f e rence ,  turbomachinery product 
e f f i c i e n c y ,  cyc le  pressure  lo s ses ,  and the  engine a i r / f u e l  r a t i o .  For the  
purpose of t h i s  parametr ic  ana lys i s ,  it was assumed t h a t  t h e  temperature 
d i f f e rence  i s  uniform i n  the  hea t  exchanger of t h e  pressur ized  cyc les .  

4.3 Parametr ic  Resu l t s  

Figures  4.3 through 4.7 d i s p l a y  the  l o c i  of t h e  maxima i n  t h e  - p l o t s  
f o r  t y p i c a l  ranges of system design parameters. Figure 4.3 and Table 4.2 
present  t h e  e f f e c t  of exhaust temperature on BBS output .  The r e s u l t s  shown 
i n  Fig.  4.4 ( e f f e c t  of hea t  exchanger minimum temperature d i f f e rence ,  
ATmin) a r e  based on equal AT,in i n  both t h e  primary hea t  exchanger and 
i n t e r c o o l e r  of a subatmospheric BBS and a f ixed  ATmin of 50 F i n  t h e  
i n t e r c o o l e r  of a pressur ized  BBS. 

Figure 4.5 i n d i c a t e s  t h a t  f o r  t he  same ATmin and machinery e f f i c i e n c y ,  t h e  
pressur ized  BBS i s  inhe ren t ly  more e f f i c i e n t  than the  subatmospheric BBS. 
This  i s  because of t h e  occurrence of ATmin a t  t h e  high temperature end of 
t h e  cyc le  i n  pressur ized  BBS and a t  t he  low temperature end,' where it 
c o n s t i t u t e s  a severe thermodynamic penal ty ,  i n  t he  subatmospheric BBS. 
(See F igs .  2.2 and 2.3). However, because of i t s  l a r g e r  and more e f f i c i e n t  
turbomachines, t he  subatmospheric BBS appears t o  o f f e r  a s l i g h t  performance 
advantage over t he  pressur ized  BBS a t  low values  of ATmin ( <  100 F ) .  

Figures  4.3 through 4.7 a l s o  ind ica t e  t h a t  t h e  in t e rcoo le r  o f f e r s  a 
s i g n i f i c a n t  performance improvement, p a r t i c u l a r l y  i n  the  case of t h e  
subatmospheric cyc le s ,  whose performance i s  much more s e n s i t i v e  t o  changes 
i n  t h e  compressor power consumption. On balance,  however, t h e r e  i s  no 
dec i s ive  performance advantage of one type of BBS over  the  o t h e r ,  except 
i n so fa r  as t h e  e f f e c t  of heat  exchanger minimum temperature d i f f e rence  i s  
concerned; t h e  pressur ized  cycle  shows a d e f i n i t e  advantage over t he  
subatmospheric cyc le  a t  values  of ATmin exceeding 150 F,. 

4.4 Performance Limi ta t ions  

The r e s u l t s  repor ted  i n  t h e  preceding paragraphs were obtained 
pa rame t r i ca l ly ,  paying only cursory a t t e n t i o n  t o  t h e  l i m i t a t i o n s  of t h e  key 
components of t h e  system. I n  many cases ,  such l i m i t a t i o n s  can r e s t r i c t  t he  

.range of acceptab le  va lues  of t he  design parameters and w i l l ,  consequently,  
in f luence  t h e  design processd Sect ion 5.1 p re sen t s  a d i scuss ion  of t h e  
most important l i m i t a t i o n s  and a s ses ses  t h e i r  in f luence  on BBS s e l e c t i o n  
and design. Among t h e  most important of t hese  l i m i t a t i o n s  a r e  those 
pe r t a in ing  t o  hea t  exchanger foul ing  and cor ros ion ,  which could r e s t r i c t  
t h e  minimum temperature d i f f e rence  i n  t h e  subatmospheric BBS hea t  
exchangers t o  va lues  higher  than 200 F t o  ensure t h a t  t he  sur face  
temperature exceeds the  exhaust gas ac id  dew poin t .  The e f f e c t  of t h i s  
r e s t r i c t i o n  i s  t o  lower the  performance of t h e  subatmospheric BBS q u i t e  
s i g n i f i c a n t l y ,  a s  can be seen i n  F ig .  4.4. 
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FIG. 4.2 
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FIG. 4-3 
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FIG. 4-4 

v) m m 

X 
I 
U 
0 
t 

U 
U 
W 

8 

5 
tn 
w z 
0 

I ,7-, c I I 



FIG. 4-5 
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FIG. 4-6 
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FIG. 4-7 
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TABLE 4.2 

EFFECT OF EXHAUST TENPERATURE ON BBS OUTPUT 

(150 F HX M i n i m u m  Temp. Dif f . )  

Exh. Temp. (F) 

1000 

1100 

1200 

1300 

1400 

1500 

1600 

* 
Pressurized 

0.45 

0.66 

0.88 

1 . 1 2  

1.38 

1.65 

1.92 

Normalized Output 

* ** 
Subatm. (a )  Subatm. (b) 

0.26 0.32 

0.47 0.57 

0.70 0.85 

0.94 1.15 

1 . 2 2  1.48 

1.51 1.83 

1 .82  2 .21  

* 
Relative t o  output 

Relat ive t o  output 
** 

of pressurized BBS with 1250 F exhaust. 

of subatmospheric BBS with 1250,F exhaust. 
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5. SYSTEM HARDWARE DESIGN ANALYSIS 

The parametric r e s u l t s  given i n  t h e  preceding chapter es tabl ished the  
s e n s i t i v i t y  of BBS performance t o  t h e  important i n t e r n a l  and external  
design parameters. Unlike the  ex te rna l  design parameters, which are 
imposed on the  system and cannot be a r b i t r a r i l y  changed, t h e  i n t e r n a l  
parameters can be var ied over a f a i r l y  wide range, subject  only t o  the  
physical,  operat ional  or economic l i m i t a t i o n s  of t h e  equipment. Among t he  
numerous i n t e r n a l  design parameters of BBS design, t h e  heat  exchanger pinch 
temperature d i f f e rence ,  t h e  heat exchanger pressure drop, and t h e  
turbomachinery e f f i c i e n c i e s  are the  most important. This chapter provides 
a discussion of t he  considerat ions influencing t h e  BBS hardware design and 
t h e  design and optimization procedures and presents  t h e  r e s u l t s  of applying 
these considerat ions and procedures t o  t h e  design, s i z ing  and costing of 
t h e  BBS major components. 

5.1 System Desinn Considerations 

The considerat ions governing the design of a BBS f o r  d i e s e l  exhaust energy 
recovery can be c l a s s i f i e d  i n t o  th ree  major categories:  (1) those 
per ta ining t o  heat  exchanger design, ( 2 )  those per ta ining t o  turbomachnery 
design, and (3)  those per ta ining t o  o v e r a l l  system integrat ion.  

The primary heat  exchanger i n  both the  subatmospheric and t h e  pressurized 
BBS, as w e l l  as the in t e rcoo le r  i n  t h e  subatmospheric system, w i l l  be 
subject t o  t h e  hot exhaust gases discharged by the  insulated d i e s e l  engine. 
Because d i e s e l  exhaust gases contain both soot and s u l f u r  oxides,  fouling 
and corrosion of heat  t r a n s f e r  surfaces  may occur, r e su l t i ng  i n  a 
p rec ip i tous  d e t e r i o r a t i o n  i n  equipment performance and l i f e .  

Numerous inves t iga t ions  of heat exchanger performance i n  exhaust gas 
service (e.g., Refs. 5.1, 5.2, 5.3, 5.4) concluded t h a t  hydrocarbon and 
acid condensation on heat  exchanger surfaces  i s  o f t e n  a precursor t o  the  
formation of a fouling f i l m  which adheres t o  t h e  w e t  shrface and grows i n  
thickness.  f i l m  reduces t h e  heat t r a n s f e r  e f f i c i ency  and raises the 
temperature of t he  fouled surface a t  i t s  i n t e r f a c e  with the  gas. When the 
i n t e r f a c i a l  temperature exceeds the  dew po in t ,  coudensation ceases and the  
fouling f i l m  eventual ly  reaches an asymptotic thickness.  Although the 
presence of a foul ing f i l m  reduces t h e  heat  exchanger effect iveness  (and 
hence, t h e  BBS performance) i t  has been argued t h a t  i t  may a l s o  protect  the 
surface from severe corrosion by the  condensing s u l f u r i c  acid.  From an 
economic viewpoint, however, it may not  be d e s i r a b l e  t o  lower the  heat 
exchanger surface temperature below the  acid dew po in t  i n  o rde r  t o  avoid 
t h e  use of expensive corrosion-resis tant  materials or coatings. 
Maintaining t h e  surface temperature above the  dew point  t o  reduce the 
adhesion of t h e  foul ing f i l m  i s  even more des i r ab le  when the  exhaust gases 
contain a large concentration of p a r t i c u l a t e s ,  as i n  the  case of present 
t ruck d i e s e l  engines. 

This 

The problems of foul ing and corrosion impose several  l imi t a t ions  on t h e  
design and performance of BBS, p a r t i c u l a r l y  the  subatmospheric system. I f  
t he  surface temperature of t h e  primary exchanger and t h e  intercooler  heat  
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i n  t he  subatmospheric BBS i s  t o  be maintained above t h e  acid dew po in t ,  
which is  t y i c a l l y  200-250 F for  d i e s e l  exhaust gases ,  t h e  minimum 
temperature d i f fe rence  i n  these heat exchangers may have t o  be r e s t r i c t e d  
t o  values  i n  excess of 200 F. It can be seen from Fig. 4.4 t h a t  t he  
subatmospheric system w i l l  be i n f e r i o r  t o  t h e  pressurized system under 
these condi t ions,  i.e., corrosion l i m i t s  t h e  performance of t he  
subatmospheric BBS. 

Even i f  t he  heat  exchanger surfaces  can be protected from t h e  corrosive 
e f f e c t  of condensed ac id ,  lowering the  sur face  temperature below the  dew 
poin t  can aggravate the  foul ing problem. Aside from t h e  expected 
d e t e r i o r a t i o n  of hea t  exchanger performance as a r e s u l t  of fou l ing ,  t he  
build-p of' a foul ing layer  on t he  heat  exchanger sur faces  a l s o  increases  
the  pressure drop i n  the  heat  exchanger, which, i n  tu rn ,  leads t o  a higher 
engine back pressure and a lower engine performance. For t h i s  reason, t he  
minimm temperature d i f f e rence  i n  the  heat  exchangers of t he  subatmospheric 
BBS may s t i l l  have t o  be high enough t o  ensure t h a t  t he  surface temperature 
w i l l  be higher than the  dew poin t  value. 

I f  components of t he  BBS a r e  t o  operate  below the  dew point  temperature, 
measures must  be taken t o  counteract t he  harmful e f f e c t s  of corrosion and 
foul ing.  Special  corrosion r e s i s t a n t  ma te r i a l s ,  such as  Bastel loy and 
severa l  coating such as TEFLON, have been proposed f o r  se rv ice  i n  
corrosive environments but do not appear a t  present  t o  be economically 
f e a s i b l e ,  e spec ia l ly  i n  the  case of complex geometries such a s  those t o  be 
found i n  p la te - f in  heat exchangers and three-dimensional turbomachinery 
passages. 

The e f f e c t  of foul ing on t he  performance of t he  system can be reduced 
through frequent  c leaning and the  proper s e l e c t i o n  of t he  hea t  exchanger 
flow passages t o  avoid plugging. Frequent cleaning represents  an 
addi t iona l  maintenance expense which, i f  excessive, may render the  system 
uneconomical. Several c leaning methods have been t r i e d  and range from soot 
blowing by a gas b l a s t  (e.g., so-called burp system i n  t rucks ) ,  t o  baking 
t h e  heat  exchanger a t  high temperature ( 1000 F)  t o  burn-off t h e  foul ing 
film. So f a r ,  washing the  heat  exchanger with water appears t o  be the  most 
reasonable approach (Ref. 5.5). 

Another important cons t r a in t  on t he  design of BBS hea t  exchanger a r i s e s  
from t h e  high temperature l imi t a t ions  of t he  hea t  exchanger mater ia l .  
Because the  hea t  exchanger i n  the  pressurized BBS i s  d i r e c t l y  exposed t o  
the  hot exhaust discharged by the  insu la ted  engine, high temperature 
corrosion is l i k e l y  t o  be more of a l imi t ing  f a c t o r  i n  pressurized BBS than 
i n  subatmospheric BBS. The use of carbon s t e e l ,  which i s  inexpensive and 
easy t o  f ab r i ca t e ,  i s  l imited t o  metal  temperatures t h a t  a r e  not much 
higher than  1000 F. High-temperature a l loys  and ceramics, which a r e  
considerably more expensive o r  more d i f f i c u l t  t o  f a b r i c a t e  than carbon 
steel, can be used a t  higher  exhaust temperature but may prove t o  be 
uneconomical i n  the  bottoming system appl ica t ions .  

The turbomachinery i n  the  subatmospheric BBS, p a r t i c u l a r l y  the  compressors, 
a r e  subjected t o  the  cor ros ive ,  soot-laden engine exhaust gases and must be 
designed t o  meet t he  corrosion and foul ing cons t r a in t s  discussed i n  
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conjunction with the heat  exchanger design. The material s e l e c t i o n  f o r  
these turbomachines i s  f u r t h e r  complicated by t h e  high stress conditions 
under The material se l ec t ion  process 
f o r  t he  pressurized BBS turbomachines i s  considerably less complicated than 
i n  the  case of t h e  sub,atmopsheric BBS because only a i r  flows through t h e  
passages of t h e  BBS turbomachines. In f a c t ,  many of t h e  s t a t iona ry  
components i n  t h e  compressors of t h e  pressurized BBS can be fabricated from 
aluminum and aluminum-base a l loys .  

which t h e i r  r o t o r s  have t o  operate.  

Aside from the  e f f e c t s  of corrosion and foul ing,  t h e  e f f e c t  of pressure 
r a t i o  on t h e  design and performance of t h e  turbomachines must a l s o  be 
assessed. An examination of d a t a  such as those shown i n  Fig. 4.2 r evea l s  
t h a t  t h e  optimum pressure r a t i o  f o r  BBS could be as high as 8:1, 
p a r t i c u l a r l y  i n  the  case of high-temperature, intercooled cycles. Although 
single-stage 8018) a t  
these high pressure r a t i o s ,  such is not t h e  case v i t h  single-stage 
cen t r i fuga l  compressors owing t o  Mach number l i m i t a t i o n s  (Ref. 5 . 6 ) .  Even 
f o r  t u rb ines ,  a single-stage design f o r  such a high pressure r a t i o  may 
n e c e s s i t a t e  a t i p  speed t h a t  i s  too high t o  s a t i s f y  the  s t r eng th  
l imi t a t ions  of most materials. BBS f o r  near-adiabatic engines with very 
hot  exhaust ( 1400 P) may requ i r e  a two-stage tu rb ine  t o  expand the gas 
e f f i c i e n t l y  over a pressure r a t i o  approaching 8:l. 

For insulated d i e s e l  engines such as t h e  NASA TC engine, t h e  optimum 
pressure r a t i o  i s  c lose  t o  5:l and i s ,  therefore ,  within the  c a p a b i l i t y  of 
high-efficiency single-stage r a d i a l  inflow turbines .  A two-stage 
cen t r i fuga l  compressor with intercool ing should have no d i f f i c u l t y  handling 
t h i s  pressure r a t i o  very e f f i c i e n t l y .  

r a d i a l  inflow turbines  can achieve high e f f i c i ency  ( 

The components of t he  BBS must be matched together t o  ensure high system 
performance and r e l i a b i l i t y .  Furthermore, t h e  BBS must be integrated with 
t h e  engine t o  form t h e  compound engine/BBS power p l an t  which i s  constrained 
by the  following considerations:  

a )  I f  a constant r a t i o  gearbox is  employed, t h e  BBS speed w i l l  be 
constrained t o  a f ixed mul t ip l e  of t h e  engine speed. The BBS speed i s  not 
l i k e l y  t o  remain within i t s  optimum range t h e  e n t i r e  operating range 
of t h e  engine. A var iable-rat io  speed reducer o f f e r s  b e t t e r  matching of 
t h e  BBS and engine speeds over a much wider range, a l b e i t  a t  a considerable 
increase i n  cos t  and complexity. 

over 

b )  a constant r a t i o  gearbox, no con t ro l  system is  needed t o  r egu la t e  
t h e  operat ion of t he  BBS o t h e r  than a simple over-running c lu t ch  t o  prevent 
t h e  engine from driving the  BBS a t  low p a r t  loads. With a va r i ab le  r a t i o  
transmissin,  a con t ro l  system i s  needed so t h a t  optimum o r  near-optimum BBS 
speed can be chosen a t  var ious engine operating conditions.  

c )  In a subatmospheric BBS t h e  engine exhaust gases flow d i r e c t l y  through 
t h e  BBS turbomachines. These machines must be very ca re fu l ly  designed as 
p a r t  of t h e  engine exhaust system i n  order  t o  ensure t h a t  t h e  BBS w i l l  not 
impose excessive back pressure on t h e  engine over i t s  operating range. 
I n  f a c t ,  t h e  BBS i n  t h i s  case must be t r ea t ed  as p a r t  of t h e  engine, very 
much l i k e  a turbocompounding system, and should not  be simply added-on t o  

With 

an 
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t h e  engine. Being separated from the  engine by t h e  primary heat  exchanger, 
t h e  pressurized BBS i s  e s s e n t i a l l y  independent of t h e  engine and .can be 
t r ea t ed  very much l i k e  an add-on device. 

Other sys tem in t eg ra t ion  c o n s t r a i n t s  a r i s e  from t h e  l imited space ava i l ab le  
i n  the t ruck f o r  placing such a system. The BBS components must be 
packaged such a way as t o  allow the placement of t h e  system behind the  
cab where it  w i l l  o f f e r  minimum in t e r f e rence  with t h e  engine o r  d r ive  
t r a i n .  This arrangement a l s o  provides a r e l a t i v e l y  simple coupling of t h e  
BBS gearbox with t h e  engine flywheel, power take-out u n i t  o r  gearbox. 

5.2 Preferred BBS Configuration 

i n  

The performance d a t a  presented i n  Chapter 4 and t h e  design cons t r a in t s  
provided i n  the  preceding sec t ion  s t rongly suggest t h a t  t h e  pressurized 
BBS, while o f f e r ing  about t h e  same performance advantages as t h e  
subatmospheric BBS, w i l l  be much less problematic t o  design, p a r t i c u l a r l y  
f o r  insulated d i e s e l  engines with exhaust temperatures below 1300 F (e.g., 
a l l  t h e  NASA engines as we l l  as IDE-1 and IDE-2 engines). The 
subatmospheric BBS may prove a b e t t e r  match t o  f u t u r e  ad iaba t i c  d i e s e l  
engines with higher exhaust temperature and much lower p a r t i c u l a t e  
emissions (e.g., IDE-3). For these reasons, t h e  pressurized BBS ,system was 
chosen f o r  f u r t h e r  design, performance and economic analyses. 

5.3 Pressurized BBS Design 

The design of t h e  pressurized BBS system involved an i t e r a t i v e  process i n  
which t h e  design and s i z ing  parameters of t h e  major components of t he  
system-were var ied i n  search of a near-optimum t h a t  w i l l  achieve a 
reasonable compromise between performance and cos t .  

design 

5.3.1 r>e~ign-G~oun~rul=s-a=d-A~s~m~t~o~s  

Ennine: The BBS was designed t o  match t h e  exhaust c h a r a c t e r i s t i c s  of 
non-aftercooled turbocharged engines, s p e c i f i c a l l y ,  t h e  IDE-2ITC engine. 
Though less e f f i c i e n t  than t h e  af tercooled and turbocompound vers ions,  
these engines discharge about t he  same quant i ty  of exhaust a t  considerably 
higher temperatures, which i s  b e n e f i c i a l  t o  t h e  BBS. Figure 5.1 shows 
t h a t ,  f o r  t h e  NASA-engines, t h e  p o t e n t i a l  o v e r a l l  performance of t h e  TC 
engine/BBS power p l an t  w i l l  be b e t t e r  than o r  equal t o  t h a t  of t h e  BBS 
combined with t h e  o the r  more e f f i c i e n t  engines. 

Design Point:  A l l  design ca l cu la t ions  were performed a t  t h e  full-power 
po in t ,  i .e, ,  300 Bhp 

Primary Heat Exchanger: The heat  exchanger design and s i z ing  was based on 
clean-surface performance. A fouling penal ty  was subsequently introduced 
as a co r rec t ion  t o  t h e  clean surface r e s u l t s .  

1800 rpm f o r  t he  IDE-2/TC engine. 

Ennine Back Pressure:  Since a l l  engine d a t a  were based on a 5 percent 
pressure loss through the exhaust muffler,  t h e  exhaust s i d e  of the primary 
heat exchanger was designed f o r  a pressure l o s s  of 5 percent o r  less i n  
order  not  t o  present an add i t iona l  burden on t h e  engine. 
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FIG. 5.1 
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Ambient Conditions: Equipment design and s i z ing  were based on an average 
ambient temperature of 70 F a t  sea leve l  r a t h e r  than the  t r a d i t i o n a l  85 F/ 
500 f t  a l t i t u d e  condi t ions.  The 70 F ambient temperature i s  thought t o  
represent  a more typ ica l  condition. 

Economic AssumWions: For the  purpose of performance-cost t r adeof f s ,  it 
was assumed t h a t  the  annual f u e l  consumption of t h e  t rack  w i l l  s ca l e  i n  
d i r e c t  p ropor t iona l i ty  t o  t h e  spec i f i c  f u e l  consumption of t h e  engine/BBS 
power p lan t .  Annual f u e l  savings obtained i n  t h i s  way were t r ans l a t ed  i n t o  
allowable c a p i t a l  cos t  increments following t h e  procedure and de ta i l ed  
assumptions described l a t e r  i n  Chapter 7 .  Other assumptions and ground 
r u l e s  per ta in ing  t o  s p e c i f i c  components w i l l  be discussed when appropriate.  

The design values  of many of t h e  ex terna l  parameters of t he  BBS 
turbomachines can be infer red  from previous parametric analyses of system 
performance and from experience with similar systems. For example, an 
ove ra l l  system pressure r a t i o  i n  t h e  v i c i n i t y  of 5: l  was found t o  y ie ld  the  
maximum BBS output for  1250 F exhaust gases.  Small departures from t h i s  
value a r e  not  l i k e l y  t o  be consequential .  However, too high a value w i l l  
both lower the  sys tem performance and increase the  cos t ,  of t he  
turbomachines by necess i ta t ing  add i t iona l  tu rb ine  and compressor s tages .  
Too low a value,  on t he  o ther  hand, e l iminates  the  need fo r  a two-stage 
compressor bu t ,  inevi tab ly ,  r e s u l t s  i n  an unacceptable l o s s  of system 
performance. 

The optimum compressor pressure r a t i o  s p l i t  i s  t h a t  a t  which the  compressor 
work i s  a minimum. Figure 5.2 shows t h e  optimum f i r s t - s t age  pressure r a t i o  
f o r  an intercooled two-stage compressor. For a t o t a l  pressure r a t i o  c lose  
t o  5:1, and in te rcool ing  t o  within 50 F of f i r s t - s t age  i n l e t  temperature, 
the  optimum f i r s t  s tage  design pressure  r a t i o  i s  c lose  t o  2.7: l .  

Small, high-speed radial- inf low turbines  and cent r i fuga l  compressors can 
achieve e f f i c i e n c i e s  i n  excess of 80 percent i f  t h e i r  spec i f i c  speed (Ns), 
spec i f i c  diameter (D,) and Mach and Reynolds numbers a r e  properly selected 
(Ref. 5.6). Since a s ingle-shaf t  turbine/compressor module represents  t he  
s implest ,  most rugged design, t he  turb ine  and compressor spec i f i c  speeds 
a r e  not  independent and must be se lec ted  together  t o  ensure high product 
e f f ic iency  ( T ~ . T I ~ ) .  Furthermore, t h e  design of t he  turbomachines cannot be 
divorced from the  design of t he  primary heat  exchanger whose a i r  i n l e t  
temperature i s  the  compressor discharge temperature and whose a i r  e x i t  
temperature i s  the  turb ine  admission temperature .  

Table 5.1 presents  t he  estimated values  of the  design and s iz ing  parameters 
of the turb ine ,  low-pressure (LF’) compressor and high-pressure (HP) 
compressor of t he  pressurized BBS fo r  t he  IDE-PITC engine exhaust 
conditions.  These values correspond t o  the  optimum value of t he  primary 
heat exchanger temperature d i f fe rence  determined i n  accordance with the  
procedure described i n  Section 5.3.4. The l i s t e d  e f f i c i enc ie s  represent 
t he  to t a l - to - s t a t i c  values  fo r  the  turb ine  and t h e  to ta l - to- to ta l  values  
fo r  the  compressor. Eff ic iency l eve l s  a s  high as these have been achieved 
i n  numerous small turbomachines b u i l t  fo r  a i r c r a f t  environmental cont ro l  
and aux i l i a ry  power appl ica t ions  by the  Hamilton Standard Division of 
United Technologies. 
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FIG. 5.2 
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TABLE 5.1 

PRESSURIZED BBS ROUTING EQUIPMENT SPECIFICATIONS 

(IE-2/TC Engine) 

Component 

Type 

Pressure Ratio 
** 

Specific Speed, N 

Specific Diameter, D 

Speed (rpm) 

Rotor Tip Diam. (in.) 

Peak Efficiency, X 

Stator Material 

Stator Fabrication Method 

Rotor Material 

Rotor Fabrication Method 

Shaft Material 

Bearings 

** 
S 

Gearbox: Type 

Reduction Ratio 

Tuzbine 

RaLi a 1 

5.Q:l 

55 

1 . 3  

5.5 

0.84 

347 ss 
Inxvest, Cast 

UDI[MET 500 

Invest, Cast 

LP HP 
Compressor Compressor 

Radial Radial 

2.75:l 1.9:l 

96 88 

1.8 1.85 

* * 

70-80,000 

5.3 4.1 i 

0.835 0.835 

XA140AR 

Sand Cast + Machined 
3568 

Invest Cast + PPT Hardened 
AMs6415 

3 Ball Bearings 

2-Stage Planetary w/Overrunning Clutch 

40 :  1 

* 
Swept back vanes. 

In engineering units, see Ref. (5.6). 
** 
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The tu rb ine  r o t o r  material must be capable of withstanding t h e  cen t r i fuga l  
stresses a t  high operat ing temperatures (-1000 F); UDIMET 500 was chosen 
f o r  t h i s  appl icat ion.  The compressor r o t o r s  are not subjected t o  
high-temperature or corrosive gases;  an aluminum-base a l l o y  (3568) was 
chosen f o r  t h i s  purpose. S t a i n l e s s  steel  347 was chosen f o r  t he  tu rb ine  
s t a t o r  t o  meet t h e  high temperature requirements and another aluminum-base 
a l l o y  (XA140 AR) w a s  chosen f o r  t he  cornpressor stators.  Precis ion 
investment cas t ing  i s  t h e  method of f a b r i c a t i o n  chosen f o r  t h e  c r i t i c a l  
p a r t s  of t h e  turb ine  and t h e  compressor. Table 5.1 a l s o  conta ins  a summary 
of t he  materials and f a b r i c a t i o n  methods se lec ted .  

The turbine/compressor s h a f t  bearings can be e i t h e r  a i r - lubricated 
foil-type or oil - lubricated b a l l  bearings.  It i s  expected t h a t  t h r e e  such 
bearings w i l l  be needed, one of which must be capable of taking t h e  
unbalanced a x i a l  t h r u s t .  Three b a l l  bearings were chosen f o r  t h i s  
app l i ca t ion  because of t h e i r  high e f f i c i ency  and low cos t .  

Figure 5.3 shows a conceptual cross-sectional view of t he  
turbinelcompreesor modules envisioned f o r  t he  pressurized BBS appl ica t ion .  

5.3 .3 gnLercgol-e= 

The in t e rcoo le r  of a pressurized BBS i s  not subjected t o  any cotrosive o r  
soot-laden gases (being an a i r f a i r  hea t  exchanger operating a t  low 
pressures  and temperatures). The most s u i t a b l e  design was judged t o  be a 
compact p l a t e - f in  heat exchanger with an aluminum core  (Ref. 5.7). A 
cross-flow geometry with la rge  f r o n t a l  a rea  and small depth ( l i k e  a 
conventional automobile r a d i a t o r )  w a B  se lec ted  f o r  t he  present appl ica t ion .  
This arrangement was found t o  o f f e r  packaging convenience, reduce cooling 
a i r  pressure drop (fan power) and allow the  u t i l i z a t i o n  of t he  ram cooling 
e f f e c t  while t h e  t ruck  i s  t r ave l ing  a t  highway speed. The BBS compressor 
i n t e rcoo le r  w i l l  be very much similar t o  the  turbocharger a i r f a i r  
a f t e rcoo le r  used i n  t h e  TC/A and TCPDIA engines. 

Compact plate-f in  aluminum heat exchangers are r e l a t i v e l y  inexpensive. The 
optimum design f o r  t h i s  type of heat exchanger tends towards lower terminal 
temperature d i f f e rences  because t h e  cos t  penalty assoc'iated with a low 
temperature d i f f e rence  ( l a r g e  sur face  a r e a )  design are not s t eep  enough t o  
o f f s e t  t h e  performance gain.  For t h i s  reason, t h e  in t e rcoo le r  i n  the  
pressurized BBS was designed f o r  a minimum temperature difference of only 
50 E'. Table 5.2 ruaimarizes the  pe r t inen t  design and s i z ing  da ta  fo r  t h e  
in te rcooler .  

The temperature d i f fe rence  i n  the  primary heat exchanger exe r t e  a stron): 
influence on both the  s i z e  (and hence cos t  of t h e  heat exchanger) and 
on the  performance of t h e  e n t i r e  ryrtem. The design and r i e i n g  of thP 
turbomachiner a r e  a l r o  influenced by t h e  temperature d i f f e rence  i n  the  heat 
exchanger a r  mentioned i n  Bection 5.3.1. Because of i ts  strong influence 
on the  syr tm cos t  and performance, t he  heat exchanger deeign must bv 
ca re fu l ly  evaluated and optimized. 

t he  

A counter-flow p l a t e  f i n  compact design war choren €or  the  BBS appl ica t ion  
t o  achieve high a f fec t ivcneaa .  A r t a i n l e a r  steel conatruct ion wae deemrd 
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TABLE 5.2 

PRESSURIZED BBS INTERCOOLER SPECIFICATIONS 

(IDE-2/TC Engine) 

Type 
Cold Air Flow Length, in. 

Hot Air Flow Length, in. 

No-Flow Length, in. 

Total Weight, lb 

Total Volume, ft 

Heat Transfer Area, ft 

3 

2 

Fin Characteristics: 

. Geometry 

. Height, in. 

. Spacing, in. 

. Thickness, in. 

. Material 

Design Effectiveness 

Minimum Temp. Diff., F 

Design Pressure Drop (psi) 

. Hot Side 

. Cold Side 

Plate-Fin/Cross Flow 

8.1 

17.5 

19.5 

48 

1.6 

835 (both sides) 

(Both Sides) 

Shallow Wavy Fin (HSD Data) 

0.25 

0.05 

0.006 

Aluminum 

0.76 

50 

1.05 

0.35 
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FIG. 5.3 
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des i r ab le  t o  l i m i t  t he  corrosive e f f e c t  of acids  t h a t  may condense during 
cold s t a r t  t r a n s i e n t s ,  although carbon steel  would be adequate under normal 
operating conditions.  Rather than se l ec t ing  t h e  a i r  flow ra te  on the  cold 
s i d e  of t he  heat  exchanger t o  achieve a near-uniform temperature 
d i f f e rence ,  a flow ra te  was chosen t h a t  provides a divergent temperature 
difference toward the  heat  exchanger hot end. This i s  compatible with good 
heat  exchanger design p r a c t i c e s  which suggest t h a t  a reasonable compromise 
between cos t  and performance can be achieved i f  AT/T i s  about t he  same a t  
both ends of t h e  heat  exchanger. 

A computerized p ropr i e t a ry  compact hea t  exchanger design procedure was 
employed t o  c a l c u l a t e  t h e  dimensions of t h e  heat  exchanger given t h e  i n l e t  
and o u t l e t  temperatures of the hot and cold streams, t h e  flow rates,  
pressures  and s p e c i f i c  h e a t s  of t he  two streams, and t h e  admissible 
pressure drop on each s ide.  The computer program has access t o  the  
geometrical ,  heat t r a n s f e r  and f l u i d  f r i c t i o n  c h a r a c t e r i s t i c s  of a wide 
v a r i e t y  of finned surfaces  of which several  were t r i e d  f o r  t h e  present 
appl icat ion.  The heat exchanger dimensions were obtained f o r  a range of 
minimum (cold end) temperatures; Figure 5.4 d e p i c t s  t he  v a r i a t i o n  of t he  
heat exchanger volume, weight and heat  t r a n s f e r  area (both s i d e s )  with t h e  
cold-end temperature d i f f e rence  f o r  IDE-l/TC engine exhaust flow r a t e .  The 
correspondini values f o r  t h e  IDE-2/TC engine are about 20 percent(  larger .  

The e f f e c t  of t he  minimum temperature difference on t he  cost  of BBS system, 
including the  heat exchanger and the  turbomachines, i s  depicted i n  Fig. 
5.5. Shown a l s o  i n  Fig. 5.5 i s  the  allowable i n s t a l l e d  c a p i t a l  cost  of t h e  
BBS t h a t  can be j u s t i f i e d  by the  annual f u e l  savings a t t r i b u t e d  t o  it. The 
allowable cos t  was based on t he  f u e l  savings computed i n  accordance with 
the  procedure described ear l ier  i n  Section 5.2 and the  economic assumptions 
and methodology given i n  Chapter 7. The d i f f e rence  between t h e  allowable 
cos t  and t h e  a c t u a l  cos t  i s  a measure of t h e  BBS excess bene f i t .  The BBS 
meets t h e  minimurn acceptable ra te  of r e t u r n  (MARR) spec i f i ed  i n  t h e  
ca l cu la t ion  of t h e  allowable cos t  (12 percent real  a f t e r  t a x  value)  when 
the  allowable cos t  equals t he  a c t u a l  cost .  The optimum value of T,  
however, i s  t h a t  a t  which t h e  "excess bene f i t "  reaches a maximum, i.e., t he  
value a t  which the  incremental value of t h e  ra te  of r e t u r n  equals the MARR. 
Figure 5.5 shows t h a t  t h i s  value i s  c lose  t o  150 F r a t h e r  than the  75 F 
value which y i e l d s  zero excess bene f i t .  

Table 
the  sys tem of i n t e r e s t  (IDE-P/TC engine with pressurized BBS) . 5.3 summarizes the  c h a r a c t e r i s t i c s  of t he  primary heat exchanger f o r  

5.3.4 Sy=tgnI=t=gya&ign 

Figure 5.6 p re sen t s  t h e  system layout,  excluding t h e  in t e rcoo le r  and the  
gearbox/overrunning c lu t ch  un i t .  The system w i l l  be placed behind t h e  
t ruck cab with t h e  turbine/compressor s h a f t  p a r a l l e l  t o  t h e  engine crank 
sha f t .  The in t e rcoo le r  w i l l  be placed e i t h e r  under t h e  hood i n  f r o n t  of 
t h e  engine (where t h e  r a d i a t o r  of a conventional engine i s  usua l ly  located) 
o r  on top of t he  cab; both locat ions allow t h e  in t e rcoo le r  t o  receive ram 
a i r  f o r  cooling. The gearbox, which w i l l  be a two s tage 'design,  and the 
overrunning c lu t ch  w i l l  be placed a t  t h e  r e a r  of t h e  engine close t o  t h e  
main engine gearbox. The preferred o r i e n t a t i o n  of t h e  system i s  with the  
length of t h e  primary heat  exchanger i n  t h e  v e r t i c a l  d i r e c t i o n  although 
horizontal  placement i s  a l s o  possible .  
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FIG. 5.5 
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TABLE 5.3 

PRESSURIZED BBS PRIMARY HEAT EXCHANGER SPECIFICATIONS 

(IDE-2/TC Engine) 

Primary Heat Exchanger 

Plate-Fin/Counterflow Type 
Flow Length, in. 23 

No-Flow Length, in. 12 

Height, in. 9 . 5  

Tent Length, in. 2 x 5  

Total Weight, lb a5 
3 Total Volume, ft 

H.T. Area, ft 2 
1.7 

840 (Both Sides) 

Fin Characteristics: HOT SIDE COLD SIDE 

. Geometry Wavy Fin K&L* Fig. 10.66 Ruffled Fin HSI! Data 

. Height, in. .375 ,250 

. Spacing, in. .087 ,077 

. Thickness, in. .005 -005 

. Material Stainless Steel Stainless Steel 

Design Effectiveness 

Minimum Exhaust Gas Temp., F 

Minimum Temp., Diff., F 

Design Pressure Drop, psi 

. Hot Side (Exhaust Gas) 

. Cold Side (Air) 

0. a5 

425 ' 

130 

0.8 

3.9 

* 
Kaysand London, Ref. (5.7). 
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5 . 4  Svstem Performance and Cost Summary 

Table 5 . 4  presents  t h e  thermodynamic conditions a t  t h e  key po in t s  of t he  
pressurized BBS (see Fig. 2 . 3 )  designed t o  match t h e  IDE-2ITC engine, i.e., 
based on t he  component c h a r a c t e r i s t i c s  given i n  Section 5 . 3 .  Table 5 . 5  
summarizes the  system performance d a t a  when a l l  heat  exchanger surfaces  a r e  
clean. 

A cos t  breakdown of t h e  system i s  given i n  Table 5.6 .  The t o t a l  i n s t a l l e d  
cos t  of t h e  system was assumed t o  be double t h e  major equipment 
manufacturing cos t  which is  t y p i c a l  fo r  t h i s  type of equipment. A l l  t he  
u n i t  cos t  d a t a  were obtained from cor re l a t ions  t h a t  were prepared from a 
compilation of manufacturers cost  estimates f o r  similar equipment, e.g., 
automative gas tu rb ines ,  a i r c r a f t  air-cycle environmental con t ro l  systems 
and automotive turbochargers and a f t e rcoo le r s .  These co r re l a t ions  a l s o  
r e f l e c t  t he  e f f e c t  of production numbers on the  u n i t  cost .  The cost  data  
given i n  Table 5 . 6  are based on annual production runs of about 10,000 BBS 
u n i t s  which corresponds t o  less than 15 percent of t he  projected heavy duty 
t ransport  market (Ref. 5 .  8). A$ t h i s  production ra te ,  it is estimated t h a t  
t h e  i n s t a l l e d  cos t  of pressurized BBS i n  the 30 t o  40 hp range w i l l  be 
sbout $17O/Bhp (1980$). This i s  considerably higher than the  cost  of t h e  
engine i t s e l f  ( $4O/Bhp) and r e f l e c t s  t o  a large extent  t he  lower 
production volume of t he  BBS. The BBS system cost  would be much-lower i f  
production volumes were comparable t o  those of automotive engines. The 
annual ObM allowance f o r  l ub r i can t s  and f i l t e r s  was estimated t o  be about 
$100. The annual expenses f o r  heat exchanger per iodic  cleaning was 
estimated separately as presented i n  Section 5 . 5 . 3  below. 

5.5 OFF-Design Performance 

The ex te rna l  and i n t e r n a l  design parameters of t h e  BBS are not expected t o  
remain a t  t h e i r  design values during most of t he  t ruck operating t i m e .  
Exhaust flow r t e  and temperature change with engine torque and speeds; 
ambient conditions change with t i m e  and locat ion;  and equipment performance 
d e t e r i o r a t e s  as a r e s u l t  of wear and fouling. A r e a l i s t i c  assessment of 
t he  economics of d i e s e l  engine bottoming systems muet be based on t h e i r  
performance not only under i d e a l  steady-state design conditions,  but a l s o  
under varying off-design conditions.  The e f f e c t  of these off-design 
conditions on BBS performance are discussed i n  t h s  following paragraphs. 

The design ca l cu la t ions  were performed f o r  a constant ambient temperature 
of 70 F and no ex te rna l  leakage.* The s e n s i t i v i t y  of t he  BBS output t o  
v a r i a t i o n s  i n  t h e  ambient temperature and t h e  percentage of compressor flow 
t h a t  leaks out of t he  system is  shown i n  Fig. 5.7. It should be 
remembered, however, t h a t  t h e  BBS studied here  should be a b l e  t o  operate  

*Leakage in s ide  t h e  tu rb ine  or  the compressor i s  accounted f o r  i n  the  
o v e r a l l  e f f i c i ency  of these machines. 
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+ Station 

A 

B 

C 

D 

1 

2 

3 

4 

5 

6 

+ See Fig. 

Fluid 

Exh. Gas 

Exh. Gas 

Air 

Air 

Air 

Air 

Air 

Air 

Air 

Air 

2 . 3  

TABLE 5 . 4  

PRESSURIZED BBS THERMODYNAMIC DATA 

(IDE-2 TC Engine) 

Pres sure 
(psis) 

15.5  

14.7 

15  05 

14.7 

14 .7  

42.5 

41.. 5 

8 2 . 1  

81.6 

14.7 

* 

Temp. 
(F) 

1260 

425 

7 0  

222 

70  

293 

125 

277 

1030 

545 

* 
Includes half the dynamic head at 55 mph. 

Flow Rate 
(lb/min) 

43.8 

43.8 

58.8 

58.8 

53 .1  

53.1 

53.1 

52.8 

52.8 

52.8 

Comments 

Engine Exhaust 

BBS Exhaust 

Upstream of Intercooler 

Downstream of Intercooler 

LP Compressor Inlet 

LP Compressor Exit 

Interkooler Exit 

HX Inlet 

Turbine Iniet 

Turbine Exhaust 

50 



TABLE 5.5 

PRESSURIZED BBS DESIGN POINT 
PERFORMANCE SUMMARY 

Engine (Non-Aftercooled) IDE-l/TC IDE-2/TC NASA TC 

Rated hp 300 300 317 

Rated rpm 1800 1800 1900 

Exhaust Flow (lb/min) 36.5 43.8 48.0 

Exhaust Temp. (F) 1263 1260 1240 

Bottoming Cycle 

Turbine , hp 
Pressurized Intercooled Brayton 

129.3 154.9 162.8 

LP Comp. hp -56.3 -67.6 -70.7 

HP Comp. hp -38.0 -45.6 
f 

-47 6 

Bearing & Leaking Loss (hp) -1.9 -2.3 -2.4 

Gear Box Loss (hp) -1.0 -1.2 -1.3 

Intercooler Fan (hp) -1.2 -1.4 -1.6 

Net HP (Clean HX) 30.0 36.8 39.2 

Primary HX Effectiveness (Clean) 0.85 0.85 0.84 

Hot Side P (psi) 0.85 0.85 0.85 
Min. Exhaust Temp. (F) 429 425 427 
Intercooler Effectiveness 0.75 ' 0.75 0.76 
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TABLE 5.6 

COST BREAKDOWN OF A 36-BHP BBS 
(For IDE-;Z/TC) 

Cost, $(1983) 
Material Fabrication 

Turbine 

Rotor 60 160 

Nozzles 110 70 

Scroll 215 75 

Diffuser 15 35 

Compressors 

1st Stage Rotor 10 115 

1st Stage Diffuser 10 35 

2nd Stage Rotor 10 115 

2nd Stage Diffuser 10 35 

Housing 35 125 

Bearings & Shaft 

Bearings (3x) 

Shaft 

(A) Turbomachinery Total Manuf. Cost 

(B) Gearbox & Coupling 

(C) Rotating Equipment Assembly 

(D) Intercooler 

(E) Primary Heat Exchanger 

Total Installed Cost = 2x(A+B+C+D+E) 

Installed Cost/Bhp 

Total 

220 

180 

290 

50 

125 

45 
I 

135 

45 

160 

135 

50 

14 35 

185 

4 00 

270 

7 50 

6080 

170 
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FIG. 5.7 

EFFECT OF AMBIENT TEMPERATURE AND LEAKAGE ON 
THE PERFORMANCE OF PRESSURIZED BRAYTON SYSTEMS 

AMBIENT TEMPERATURE, O F  

8 I-9-60-4 
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without ex te rna l  leakage o r ,  a t  worst, with a neg l ig ib l e  amount of leakage 
which i s  a t t r i b u t e d  mainly t o  f a i l u r e  of seals and gaskets.  An ex te rna l  
leakage of 0.5 percent of compressor flow was assumed i n  a l l  subsequent 
ca l cu la t ions ;  t h i s  corresponds t o  a 1 percent output loss. However, t he  
70 F ambient temperature w a s  retained as a representat ive seasonal average 
value. The BBS n e t  output would be about 4 percent lower i f  the system 
were designed f o r  an 85 F ambient temperature. 

The p a r t  load performance of t h e  BBS was evaluated using a p ropr i e t a ry  
computer pro8ram t h a t  combines the  performance maps of t he  major components 
of t he  system and e s t ab l i shes  the  co r rec t  steady-state heat  and mass 
balances f o r  each component and f o r  t h e  e n t i r e  system, corresponding t o  a 
new set  of ex te rna l  parameters. The performance maps f o r  t h e  components 
a r e  presented t o  t h e  computer i n  t h e  form of tabulated da ta  o r  
computational subroutines. For the pressurized BBS these include: 

. Low-pressure compressor map . In t e rcoo le r  subroutine . High-pressure compressor map . Primary heat exchanger subroutine . Turbine map. 

The turbomachinery maps were obtained by scal ing from maps of similar 
ex i s t ing  machines designed and b u i l t  by Hamilton Standard. The heat 
exchanger performance subroutine i s  a v a r i a n t  of t h e  heat  exchanger design 
subroutine. 

The exhaust flow r a t e  and temperature corresponding t o  an engine operating 
point  ( torque and speed) c o n s t i t u t e  t h e  ex te rna l  input parameters t h a t  
determine the BBS part-load performance when a constant r a t i o  gearbox i s  
used The BBS part-load performance can be 
improved by using a va r i ab le  r a t i o  transmission with a s u i t a b l e  con t ro l l e r .  
This i s  shown i n  Fig. 5.8 which p resen t s  t h e  BBS gross* output as a 
funct ion of engine power and speed over a range of BBS speeds. A 43:l 
constant-rat io  gearbox designed t o  match the  engine exhaust conditions a t  
maximum power (300 Bhp a t  1800 rpm) w i l l  force t h e  BBS t o  operate  a t  
suboptimum speeds a t  lower engine speeds, viz . ,  67,000 rpm a t  an engine 
speed of 1550 rpm and 56,000 rpm a t  an engine speed of 1,300 rpm. 

between the  BBS and t h e  engine. 

Allowances were made f o r  t h e  mechanical l o s ses  between t h e  turbine and 
compressors (bearing l o s s e s )  and between t h e  turbine/compressor module and 
t h e  gearbox. The bearing losses were taken as 1.5 percent of t he  
compressor sha f t  power. The gearbox loss was assumed t o  be proport ional  t o  
t h e  cube of the speed, amounting t o  about 3 percent of t h e  ne t  design 
output Other minor losses  were assumed 
t o  be a constant  f r a c t i o n  of the  output. 

a t  maximum speed (see Table 5.5). 

Two performance maps were generated and combined with t h e  engine maps 
t o  generate  combined power plant  maps: one corresponding t o  a BBS with a 
constant- r a t i o  gearbox and the other  corresponding t o  a BBS with a 
va r i ab le  r a t i o  transmission t h a t  i s  control led t o  operate  t h e  BBS a t  the 

BBS 

*No penalty f o r  mechanical and leakage losses .  
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FIG. 5.8 
EFFECT OF SPEED ON BRAYTON BOTTOMING SYSTEM GROSS OUTPUT 
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speeds corresponding t o  the  maxima i n  Fig. 5.8. The second case,  which may 
requi re  a complex or  impracticable c o n t r o l l e r ,  corresponds t o  the  bes t  t h a t  
can be achieved with a var iab le  r a t i o  transmission; i t s  economic 
f e a s i b i l i t y  can only be determined through an ana lys i s  of t he  t ruck 
performance over a r e a l i s t i c  dr ive  cycle  as w i l l  be shown i n  Chapter 6 .  
Complete maps f o r  these two compound power p l an t  vers ions  a r e  
given i n  Chapter 6 .  

performance 

The e f f e c t  of a uniform f i lm  of foul ing on t he  performance and pressure 
drop c h a r a c t e r i s t i c s  of t he  primary hea t  exchanger was evaluated using a 
modified vers ion  of t he  abovementioned computer code. The ca l cu la t ions  
were performed f o r  two values  of t he  foul ing f i l m  thermal conduct ivi ty;  
0.02 and 0.05 Btu/h f t  F,  which are t y i c a l  f o r  carbon deposi ts .  Figure 5.9 
depic ts  t he  r e l a t ionsh ip  between uniform foul ing thickness  and the  heat 
exchanger e f f ec t iveness  and pressure drop. The assumption of uniform 
thickness  over the  e n t i r e  exhaust s ide  surface provides only a f i r s t -o rde r  
approximation t o  the  a c t u a l  case i n  which foul ing w i l l  tend t o  bu i ld  up 
much f a s t e r  a t  t he  colder  end of t he  hea t  exchanger than a t  t h e  h o t t e r  end. 

The combined e f f e c t  of heat exchanger performance and p r e s s u r e f l o s s e s  was 
t r ans l a t ed  i n t o  a power p lan t  output loss and spec i f i c  f u e l  consumption 
increase ,  a s  shown i n  F i g .  5.10, The power p l an t  output loss, normalized 
i n  Fig. 5.10 with respect  t o  the  BBS output when the  heat  exchanger i s  
clean,  i s  the  sum of two losses:  

. BBS performance loss caused by the  lower heat  exchanger 
e f fec t iveness .  

. Engine output loss caused by the  higher back-pressure. 

The ca l cu la t ion  of t he  l a t t e r  loss was based on a small proport ional  
adjustment of t he  engine brake mean e f f e c t i v e  pressure ( 1 9 4  psig a t  ra ted  
power). Although t h i s  loss i s  not a d i r e c t  BBS output loss, it  i s  caused 
e n t i r e l y  by the  BBS and would not have a r i s e n  i n  the 'absence of t he  BBS. 
It can be seen t h a t  t h e  pressure  loss e f f e c t  can be as s i g n i f i c a n t ,  i f  not 
more s i g n i f i c a n t  than t h a t  a t t r i b u t e d  t o  t h e  heat  exchanger loss of 
e f fec t iveness .  

Since foul ing  f i lms grow asymptotically t o  a s teady-state  value,  the  
average BBS output loss w i l l  depend both on t h e  foul ing thickness  growth 
rate and on t he  heat exchanger cleaning frequency. The foul ing f i l m  growth 
was modeled by the  simple r e l a t i o n  

in which 6- is the  asymptotic f i l m  thickness  and T i s  foul ing time sca le .  
Because the  heat  exchanger of a pressurized BBS w i l l  be maintained 
comfortably above the  acid dew point  under normal operating condi t ions,  the  
asymptotic f i lm  thickness  was taken a s  0.01 i n ,  which i s  commensurate with 
the  f ind ings  of Ref. (5.2) f o r  uncooled hea t  exchangers, The time sca l e  i n  
Eq. (5.1) was taken as 240 hours. Figure 5 .11  dep ic t s  t h e  BBS average 
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FIG. 5.9 

EFFECT OF FOULING ON HX PERFORMANCE 
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FIG. 5.10 

EFFECT OF UNIFORM FOULING ON BBS OUTPUT 
AND COMBINED SYSTEM PERFORMANCE 
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FIG. 5.11 

EFFECT OF HEAT EXCHANGER FOULING 
AND CLEANING FREQUENCY ON BBS OUTPUT 
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performance co r rec t ion  factor* as a funct ion of t h e  normalized time between 
cleaning and the  BBS performance d e t e r i o r a t i o n  rate a, defined here  as t h e  
BBS r e l a t i v e  output l o s s  a t  6 =  6,. Figure 5.10 ind ica t e s  t h a t  t yp ica l  
values f o r  a i n  the  10-15 percent range would be reasonable. 

The average t i m e  between cleanings was chosen t o  coincide with engine 
regular  maintenance ( o i l  and f i l t e r  change every 5000 - 7000 m i l e s ,  say).  
This corresponds t o  a cleaning frequency of once every 100 t o  150 hours of 
n o m 1  truck operation. Under these conditions t h e  annual average BBS 
would be 2-3 percent lower than t h a t  corresponding t o  no foul ing a t  a l l ;  
i.e., t h e  BBS average output would be 97-98 percent of i t s  no-fouling 
output. The BBS outputs used i n  a l l  subsequent ca l cu la t ions  of f u e l  
economy and l i fe-cycle  cos t  were adjusted by a f a c t o r  of 0.97 t o  account 
f o r  t he  foul ing penalty.  

It i s  estimated t h a t  f o r  a 100,000 miles pe r  year s e rv i ce  the  heat 
exchanger w i l l  have t o  be cleaned between 13 and 20 times annually. 
Washing with water would probably be the  most e f f e c t i v e  cleaning method. 
The annual O&M expenses f o r  t h i s  procedure was estimated t o  be l e s s  than 
$200. 

5.6 System Specif icat ions I 

Table 5.7 l i s t s  t h e  most important spec i f i ca t ions  of the pressurized BBS 
matched t o  the  IDE-Z/TC engine. Within the  l e v e l  of accuracy acceptable 
f o r  t h i s  study, t h e  u n i t  i n s t a l l e d  cos t  ($17O/Bhp) and the r e l a t i v e  annual 
O&M cos t  (4.9 percent of i n s t a l l e d  c a p i t a l  c o s t )  can be taken t o  apply a l s o  
t o  pressurized Brayton bottoming systems designed f o r  o the r  engines i n  the 
same output class, e.g., TC/A, TCPD and TCPD/A engines. 

jtTo be mult ipl ied by the  clean surface value. 
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TABLE 5.7 

PRESSURIZED BBS CHARACTERISTICS 

(NBSA TC Engine) 

Performance 

N e t  Output (Clean HX) 

Fouling Penalty 

Bsfc Improvement 

Weight (Without Gearbox) 

I n s t a l l e d  Cost (1983$) 

Total  Annual 0&M Expenses (1983$) 

39.2 Bhp 

1.3 Bhp 

-12% 

330 l b  ' 

$17 O/ Bhp 

$300 
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6. VEHICLE PERFORMANCE ANALYSIS 

6.1 Introduct ion 

This chapter documents the r e s u l t s  of the vehicle  performance ana lys i s  
conducted f o r  the var ious powerplants considered i n  t h i s  study. Vehicle 
performance i s  broken i n t o  two categories:  f u e l  economy and d r i v a b i l i t y .  
Dr ivab i l i t y  r e f e r s  t o  the  vehicle's grade capab i l i t y ,  s t a r t i n g  
acce le ra t ion ,  and maximum speed f o r  a given g ross  vehicle  weight (GVW). 
These two f igu res  of m e r i t  are presented f o r  a wide range of dr iving 
conditions and GVWs. A propr i e t a ry  UTRC truck performance simulation was 
used t o  c a l c u l a t e  vehicle  performance f o r  t he  study. The computer code i s  
described i n  bection 6.2. 

6.2 Powertrain Simulation Description 

The major t o o l  of t h i s  ana lys i s  i s  a computer program which evaluates the 
performance and operat ional  c a p a b i l i t i e s  of large d i e s e l  t rucks.  This 
program was developed under UTRC Corporate funding and i s  documented i n  
Ref .(6.1). 

The main function of t he  program i s  t o  p red ic t  f u e l  economy fo r  truck 
operat ion over a r b i t r a r y  dr iving cycles.  The dr iving cycles a r e ' s p e c i f i e d  
i n  a novel way wherein the  cycle i s  represented by a matrix whose e n t r i e s  
def ine the  d i s t ance  t raveled a t  selected combinations of speed and grade. 
Fuel economy i s  computed i n  terms of both mpg and ton-mpg. 

The program can accept the engine and d r i v e t r a i n  c h a r a c t e r i s t i c s  of a given 
vehicle  o r  w i l l  s e l e c t  the proper axle  r a t i o ,  number of gears  and gear 
r a t i o s .  The gear s p l i t ,  o r  minimum rpm change i s  determined by the  r a t i o  
of the maximum rpm t o  the peak-torque rpm while number of gears  (and the  
minimum f i r s t  gear r a t i o )  i s  determined by the  s t a r t i n g  torque requirements 
of the vehicle .  Drive ax le  r a t i o  depends on the  desired maximum speed of 
t he  vehicle  and the maximurn rpm of t h e  engine. 

Vehicle performance i n  trucks i s  o f t en  spec i f i ed  by comparing the  power 
ava i l ab le  from the engine i n  each gear t o  the power required f o r  d i f f e r e n t  
grades,  both as funct ions of veh ic l e  speed. The program prepares 
computer-graphic p l o t s  of these functions as w e l l  as p l o t s  of maximum grade 
c a p a b i l i t y  i n  each gear as a function of vehicle  speed. Engine speed 
versus veh ic l e  speed i s  a l s o  p lo t t ed .  The computer graphics package 
produces contour p l o t s  of engine f u e l  flow and s p e c i f i c  f u e l  consumption 
( s f c ) .  The f igu res  i n  t h i s  chapter a r e  i l l u s t r a t i v e  of the graphic output 
ava i l ab le  from t h i s  program. 

6.3 Vehicle and Chassis Data 

The vehicle  and chassis  da t a  used i n  t h i s  study is  shown i n  Table 6.1. This 
da t a  descr ibes  a d i e s e l  truck considered t o  be r ep resen ta t ive  of modern 
long-haul vehicles .  Several sources were used i n  the  compilation of t h i s  
data;  t he  GVW was defined by NASA and t h e  remainder of t he  da t a  was 
obtained from References (6.2) and (6.3). 
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TABLE 6.1 

BASELINE VEHICLE SPECIFICATIONS 

Gross Vehicle Wt. 73,000 lb 

Geared Top Speed 60 mph 

Number of Gears 8 

Axle Ratio 3.4101 

Transmission Eff. 0.95 

Rear Axle Eff. 0.95 

Maximum Power 300 hp 

Drag Coeff. x 
Frontal Area 

Rolling Resis- 
tance Coefficients 

Wheel Radius 
(520 rev/mile) 

65.8 sq f t  

0.0068 lb/lb 
0.00074 lb/lb/mph 

1.592 f t  

Fuel Density 7.0 lb/gal 

6 3  



6.4 Engine Data 

Details of the engine/BBS performance and i t s  de r iva t ion  are given i n  
Chapters 3 and 5 of t h i s  report .  Figure 3.1 summarizes the  performance of 
t h e  basel ine IDE-TC engine. The performance of t he  th ree  engine/BBS power 
p l a n t s ,  IDE-l/TC/BBS, IDE-2/TC/BBS, and IDE-2 TC/BBS with va r i ab le  
reduction transmission, are summarized i n  Figures 6.1 through 6.3, 
respect ively.  The f i r s t  f i gu re  f o r  each engine displays f u e l  flow as a 
function of engine speed and torque. This,  along with the  full-rack torque 
curve, t h e  format i n  which the engine c h a r a c t e r i s t i c s  are input t o  the 
computer program. The second f igu re  shows l i n e s  of constant f u e l  flow i n  
t h e  torque-rpm plane bounded by t h e  full-rack torque curve. The t h i r d  
f igu re  f o r  each engine shows t h e  f a m i l i a r  s f c  contour map with l i n e s  of 
constant s f c .  The s f c  p l o t s  are a convenient way t o  display engine da t a  
because, i n  addi t ion t o  showing hp-normalized f u e l  consumption, s f c  i s  
inversely proport ional  t o  thermal eff ic iency.  

i s  

Two trends can be i d e n t i f i e d  when the  basel ine (IDE-l/TC) engine i s  
compared with the th ree  engines equipped with a Brayton Bottoming System 
(BBS). F i r s t ,  t he  values of the s f c  contours are s i g n i f i c a n t l y  lower f o r  
t he  th ree  BBS-equipped engines than f o r  t he  base l ine  engine. This 
i nd ica t e s  t h a t  t he  BBS engines w i l l  have improved f u e l  economy over t h e  
basel ine a t  a l l  engine operating points .  It can a l s o  be noted t h a t  t he  
pos i t i on  of the center  of the "islands"--the point  of g r e a t e s t  f u e l  
economy--shifts from engine t o  engine. I n  general ,  t h e  i s l and  s h i f t s  t o  
po in t s  of g r e a t e r  engine speed and torque when the  bottoming cycle  i s  added 
s ince more waste heat  i s  ava i l ab le  a t  higher power levels .  This implies 
t h a t  while t he  BBS engine w i l l  always out-perform the base l ine  engine i n  
terms of f u e l  economy, the  a c t u a l  change w i l l  vary with t h e  p a r t i c u l a r  
dr iving cycle over which the vehicle  i s  operating. Hence, i t  i s  important 
t h a t  t he  dr iving cycles  used fo r  comparing f u e l  economy be considered 
c a r e f u l l y  i n  terms of t h e i r  relevance t o  ac tua l  vehicle  operation 
conditions.  

6.5 Engine Scaling 

The BBS-equipped engines o f f e r  improved performance r e l a t i v e  t o  the  
basel ine engine because each BBS engine has a t  least 30 hp more power than 
the  basel ine engine. This means the re  w i l l  be improvement i n  top speed, 
grade capab i l i t y ,  etc. when the bottoming cycle is added. Since vehicle  
performance includes both f u e l  economy and g r a d a b i l i t y ,  comparing only the  
f u e l  economy r e s u l t s  f o r  t he  BBS-equipped engines (with increased 
performance) t o  those of t he  base l ine  engine may not be somewhat 
misleading; t h e  BBS engines w i l l  always out-perform (out-accelerate) t h e  
base l ine  engine. A BBS-equipped engine scaled (reduced i n  s i z e  o r  
displacement) w i l l  y i e ld  higher f u e l  economy than an unsealed engine. 
Thus, way t o  evaluate  the  engine would be t o  compare f u e l  economy 
of power p l a n t s  of equal power r a t i n g s ,  i n  e f f e c t  giving a "normalized" 
comparison between engines. The computer program has a f a c i l i t y  t o  allow 
t h i s  comparison t o  be made. An engine scal ing f e a t u r e  has been included so 
t h a t  the e f f e c t s  of va r i ab le  engine r a t i n g s  can be invest igated using only 

another 
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FIG. 6.1 
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FIG. 6.2 
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FIG. 6.3 
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one set of engine data .  This "rubber engine" can be changed i n  s i z e  
(torque or displacement) by changing only one scal ing parameter. 
This f e a t u r e  was u t i l i z e d  on the th ree  BBS-equipped, r e su l t i ng  i n  a t o t a l  
of seven d i f f e r e n t  engines. 

To i l l u s t r a t e  the e f f e c t  of s ca l ing ,  t h e  change i n  f u e l  economy was 
examined a t  t h r e e  d i f f e r e n t  engine speeds f o r  each of t h e  BBS engines. The 
r e s u l t s  are shown i n  Figures 6.4 through 6 .6 .  There are two important 
points  t o  note. F i r s t ,  t h e r e  may be e i t h e r  an increase o r  a reduction i n  
f u e l  economy depending on t h e  p a r t i c u l a r  operating point  of t h e  engine. In 
Figure 6 . 4 ,  f o r  example, t he  scaled IDE-1 TC/BBS power p l an t  shows an 
increase i n  f u e l  economy over the  unscaled one f o r  an engine speed of 1300 
rpm and up t o  70 percent torque. When torque i s  increased above 70 
percent,  t he  scaled engine s u f f e r s  a reduction i n  f u e l  economy compared t o  
the  unsealed engine. It should be noted, however, t h a t  t he  magnitude of 
these changes i s  small--on t h e  order  of a few percent.  This scal ing e f f e c t  
i s  lessened even f u r t h e r  i n  the course of operat ion as these d i f f e rences  
w i l l  tend t o  cancel one another as torque and speed vary. Note t h a t  po in t s  
of average engine speed and average engine torque have been marked on t he  
f i g u r e  f o r  var ious dr iving cycles which are described la ter .  The e f f e c t  of 
engine scal ing on o v e r a l l  dr iving cycle f u e l  economy i s  seen t o  be s m a l l .  
Since engine scal ing was shown t o  have only a s l i g h t  effect; on f u e l  
economy, the  f u e l  economy da ta  given i n  the following sect ions apply both 
t o  the scaled and unsealed power p l an t s .  The performance b e n e f i t s  
r e s u l t i n g  from the addi t ion of t he  bottoming systems t o  the unsealed engine 
are presented as improvements i n  both acce le ra t ion  (or  g r a d a b i l i t y )  and 
f u e l  economy. 

6.6 Measures of Fuel Economy 

The importance of choosing the co r rec t  dr iving cycle over which t o  measure 
f u e l  economy was discussed i n  Section 6 .4 ;  d i f f e r e n t  dr iving cycles  w i l l  
y i e ld  varying improvements i n  f u e l  economy f o r  t he  BBS-equipped engines 
when A dr iving cycle  which r e a l i s t i c a l l y  
simulates a c t u a l  operating conditions must be chosen. 

Several  measures of f u e l  economy are examined i n  t h i s  study. The f i r s t  
measure i s  f u e l  economy a t  t he  design po in t ,  which i s  t h e  point  of maximum 
rpm and ful l - rack torque. This i s  the  t r a d i t i o n a l  measure used i n  engine 
design. Clear ly ,  t h e  design point  method is inadequate i n  terms of 
realism; a l l  t rucks do not ope ra t e  a t  only one po in t  on t he  engine map. It 
w i l l  be seen t h a t  t he  f u e l  economy r e s u l t s  based on t h e  design point  do not 
agree with those derived from a t y p i c a l  dr iving cycle.  Nevertheless, t h i s  
measure has been recommended by NASA f o r  t h i s  study t o  f a c i l i t a t e  
comparison with other  types of bottoming systems. 

There i s  no industry-wide standard dr iving cycle over which t o  measure f u e l  
economy f o r  t rucks l i k e  t h a t  used f o r  passenger cars. Two cycles 
promulgated f o r  the trucking industry are the SAE Short Haul and Long Haul 
cycles (Ref. There i s  one major shortcoming of 
t he  SAE cycles ,  namely, t h a t  they have no grade requirements. The f u e l  
economy p red ic t ions  based on these cycles  w i l l  tend t o  y i e ld  op t imis t i c  
r e s u l t s  because most t rucks spend a s i g n i f i c a n t  port ion of t h e i r  
operat ional  l i f e  t r ave l ing  up and down h i l l s  with a t  least 0.5 percent 
grade. Even grades t h i s  shallow have a d e f i n i t e  a f f e c t  on t ruck 

compared t o  the  basel ine engine. 

6 . 4 )  shown i n  Figure 6 . 7 .  
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FIG. 6.4 

EFFECT OF SCALING ON FUEL ECONOMY 

4 

3 

2 

1 

0 

-1 

-2 

-3 

-4 

UNSCALED . SCALED 
IDE-1ITCIBBS 

SAE SHORT HAUL 

SAE LONG HAUL 

- 
MOUNTAIN RT 

- 

- 

I 

0 20 40 60 80 100 

O h  MAX TORQUE 

83-10-68-6 

69 



FIG. 6.5 
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FIG. 6.6 

EFFECT OF SCALING ON FUEL ECONOMY 
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FIG. 6.7 

SAE DRIVING CYCLE SPECIFICATIONS 
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performance, owing t o  the  g r e a t  weight of t h e  vehicle.  Hence, f u e l  economy 
r e s u l t s  derived from the  SAE cycles w i l l  not accurately r e f l e c t  ac tua l  road 
f u e l  economy. The SAE f i g u r e s  a r e  included herein f o r  t he  purpose of 
comparison 

A dr iving rou te  which more accurately r e f l e c t s  t he  t y p i c a l  operation of 
t rucks i s  t h e  Cummins P l a i n s  Route (Ref. 6.5). The Cummins Mountain Route 
described i n  the  same repor t  i s  a l s o  considered. The spec i f i ca t ions  f o r  
these rou te s  are given i n  Fig. 6.19 i n  terms of grade and distance.  Speed 
is  not a specif ied parameter, hence the trucks may t r a v e l  as f a s t  as 
possible ,  constrained by only engine power and the  appl icable  speed 
l i m i t .  Thus, t h e r e  i s  an add i t iona l  parameter, vehicle  speed, i n  the 
Cummins f u e l  economy r e s u l t s .  The Mountain Route probably contains grade 
requirements which are too severe t o  represent  average conditions.  

being 

Fuel economy was a l s o  examined parametrically.  I n  these s tud ie s ,  e i t h e r  
gross  veh ic l e  weight o r  speed was var ied t o  obtain s e n s i t i v i t i e s  about a 
base l ine  condition. 

6.7  Fuel  Economy Results 

Five measures of f u e l  economy were considered i n  t h i s  study: t he  design 
po in t ,  SAE long and short  haul routes ,  and the Cummins P la ins  and Mountain 
routes.  The design point  f u e l  economy f igu res  were calculated by hand 
using a straightforward formula f o r  ca l cu la t ing  the  mpg a s  a function of 
vehicle  speed and power. The GVW was assumed t o  be 73,000 lbs  and the 
maximum speed was assumed t o  be 6 0  mph, t h i s  being t h e  geared top speed of 
t he  vehicle .  The equation f o r  computing f u e l  economy a t  a steady s ta te  
speed can be expressed a s  

mpg = pV/(HP.sfc) (6.1) 

where 
HP = power, hp 

s f c  = s p e c i f i c  f u e l  consumption lb/hp-hr 
V = speed, mph 
p = f u e l  densi ty ,  l b /ga l  

For design point  f u e l  economy, t h e  formula assumes t h a t  t he  engine i s  
operating a t  f u l l  power a t  its ra t ed  speed. w e r a t i o n  of t he  vehicle  a t  
t h i s  condition tends t o  y i e l d  op t imis t i c  values of f u e l  economy because of 
t h e  high speed; on t h e  average, t h e  veh ic l e  w i l l  not  be i n  high gear a t  top 
speed even though average power i s  high. 

The f u e l  economy r e s u l t s  comparing t h e  th ree  power p l a n t s  f o r  the selected 
dr iving cycles  are presented i n  b a r  graph form i n  Figure 6 . 9 .  The SAE 
short  haul cycle was not included because t h e  low speed and zero-grade 
requirements are not s u f f i c i e n t l y  r ep resen ta t ive  of heavy duty, long-haul 
truck operation. For operation over t h i s  low-power cycle ,  average f u e l  
economy was about 7.5  mpg. Average f u e l  economy f igu res  of 4 t o  5 mpg were 
obtained with the exception of t he  SAE long haul dr iving cycle. 

Subs tan t i a l ly  b e t t e r  f u e l  economy was  obtained f o r  t he  SAE long haul 
dr iving cycle  than f o r  t he  o the r  measures presented i n  Figure 6 . 9 .  Fuel 
economies i n  the  range of approximately 6.25 mpg were observed. This value 
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i s  g r e a t e r  than fo r  t he  Cumins cycles  because the  zero-grade, SAE 
long-haul cycle  places  lower loads on t he  vehic le  than the  l a t t e r  cycles .  
A s  noted i n  Section 6.6, these loads a r e  lower than can be expected i n  
normal heavy-duty t ruck  operation. Hence, t he  SAE long haul  f igu res  should 
not be used i n  assessing the  economics of t he  BBS i n  t h i s  study. It i s  
i n t e r e s t i n g  t o  note  how engine sca l ing  a f f e c t s  t h e  f i v e  measures of f u e l  
economy. Figures 6.4 through 6.6 show t h e  e f f e c t  engine sca l ing  w i l l  have 
f o r  t he  th ree  BBS engines. The c i r c l e d  poin ts  i n  the  graphs correspond t o  
the  average torque and rpm fo r  t he  respec t ive  cyc les ,  and ind ica t e  
improvements of only one percent o r  so when engine sca l ing  reduces the  
design-point power t o  300 hp. For example, when t h e  IDE-Z/TC/BBS engine i s  
scaled,  t h e r e  i s  a 1.5% increase i n  f u e l  economy on t he  Cummins P la ins  
Route. 

A more informative d i sp lay  of t he  f u e l  economy r e s u l t s  i s  shown i n  bar  
graph form i n  Figure 6.10. Here the  annual amount of f u e l  saved by each of 
t he  th ree  BBS engines, as compared t o  the  base l ine  engine, i s  displayed. 
Savings a r e  seen t o  range from 800 t o  2300 ga l lons  a year. These numbers 
a r e  easily derived from the  mpg f igu res :  The amount of f u e l  consumed on an 
annual b a s i s  fo r  each engine can be found by dividing the  d is tance  t rave led  
i n  one year by the  mpg. Here it i s  assumed the  vehic le  w i l l  t r a v e l  100,000 
m i l e s  annually.  The numbers shown i n  Figure 6.10 a r e  then t h e  d i f fe rences  
between amount of f u e l  consumed by the  BBS engines and the  base l ine  engine. 

The design point  f i gu re  i s  qu i t e  op t imis t i c  i n  i t s  predic t ion ,  with about 
2300 ga l lons  of f u e l  being saved per  year as compared t o  800-1600 gs l lons  
being saved by the  o ther  f u e l  economy measures. I f  t he  c r i t e r i o n  t h a t  a 
measure of f u e l  economy should accura te ly  portray the  vehicle’s an t ic ipa ted  
dr iving condi t ions i s  appl ied,  then ac tua l  f u e l  savings would most l i k e l y  
be r e f l e c t e d  by the  Cummins p la ins  route .  I n  genera l ,  annual f u e l  savings 
increase as the  average power expended by the  cycle  increases .  This i s  
because more waste hea t  becomes ava i l ab le  t o  the  BBS a t  the  higher power 
condi t ions.  

I n  add i t ion  t o  the  one-point es t imates ,  f u e l  economy as a funct ion of 
weight f o r  each of t he  four  dr iving cycles  was obtained. These r e s u l t s  a r e  
shown i n  Figures  6.11 through 6.13. The s e n s i t i v i t y  of f u e l  economy t o  
weight can be judged with the  aid of these curves, It should be noted t h a t  
fo r  t he  Cummins routes ,  as weight increases  both f u e l  economy and vehic le  
speed decrease.  r e s u l t s  (Figure 6.12) provide a 
typ ica l  examle. For t h i s  example, a 10,000 l b  increase i n  GVW r e s u l t s  i n  a 
drop i n  f u e l  economy of about 0.5 mpg and a decrease i n  aserage speed of 
over 5 mph. 

Other parametric s tud ie s  were undertaken a s  w e l l .  I n  Figure 6.14, t he  
dependence of f u e l  economy on GVW and percent grade i s  shown f o r  a steady 
speed of 5 5  mph. It can be seen t h a t  f o r  a given grade and constant  f u e l  
economy, the  BBS-equipped engines o f f e r  improved load-carrying a b i l i t y  
compared the  base l ine  engine; up t o  7500 l b  f o r  t he  IDE-2 TCIBBS power 
p lan t .  The profound impact of even one ha l f  percent grade can a l s o  be seen 
i n  t h i s  f i gu re ;  t o  maintain constant f u e l  economy on a 0.5 percent grade, 
GVW must decrease by about 25,000 lbs. Al te rna te ly ,  an increase i n  grade of 
0.5 percent ,  a t  a constant  GVW reduces f u e l  economy by about 1.4 mpg (over 
20 percent ) .  

The Cummins p l a ins  rou te  

t o  
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FIG. 6.11 
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FIG. 6.12 
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FIG. 6.13 
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FIG. 6.14 
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Figure 6.15 shows f u e l  economy as a function of vehicle  speed f o r  t he  
standard 73,000 l b  GVW t ruck t ravel ing on various grades. The sudden jump 
i n  the curves i s  caused by a gear s h i f t  which occurs a t  about 43 mph. After  
t h e  s h i f t ,  t h e  veh ic l e  i s  operating a t  a higher torque and a lower s f c  than 
before t h e  s h i f t ,  although the  power i s  constant.  The large values f o r  
f u e l  economy fo r  low-speed, level-road operation compared t o  realist ic 
dr iving cycle  can be assessed by comparing these r e s u l t s  t o  those shown i n  
Figure 6.9. 

6.8 D r i v a b i l i t v  

It i s  not possible  t o  a r r i v e  a t  a s ing le  number which character izes  t ruck 
d r i v a b i l i t y  i n  the  same fashion t h a t  mpg cha rac t e r i zes  f u e l  economy. 
Instead,  t h i s  question can be addressed by parametric s tud ie s  which compare 
the  performance of trucks equipped with each of t h e  four power p l an t s .  
Figure 6.16 shows t h e  r e l a t i o n  between GVW and grade c a p a b i l i t y  f o r  a 
constant speed of 55 mph. It can be seen t h a t  f o r  a 73,000 l b  t ruck,  t he  
basel ine w i l l  allow the truck t o  maintain speed on a maximum grade 
of 0.7 percent.  However, t he  BBS-equipped engines w i l l  carry the  same 
truck up a 1.0 percent grade a t  the same 55 mph. Another way t o  i n t e r p r e t  
t h i s  graph i s  as follows: i f  t he  t ruck i s  required t o  climb a 1.0 percent 
grade a t  55 mph, t h e  basel ine engine w i l l  be ab le  t o  haul a maximum of 
63,000 lbs .  The BBS-equipped engines w i l l ,  however, haul ap$roximately 
73,000 lb s .  

engine 

Figure 6.17 shows the  grade capab i l i t y  of the base l ine  73,000 l b  GVW truck 
as a funct ion of speed. The curves show t h a t  f o r  most speeds, the 
BBS-equipped trucks are capable of ascending grades about 0.4 percent 
g r e a t e r  than the basel ine vehicle.  The d i scon t inu i ty  i n  the  curves i s  
caused by the reduction i n  power a t  the upshif t  which occurs a t  43 mph. 

The f i n a l  parametric d r i v a b i l i t y  evaluation examines the  maximum vehicle  
speed on a one percent upgrade as a function of weight (see Fig. 6.18).  
The t rucks have a geared top speed of 60 mph, hence the  curves a r e  
truncated a t  t h a t  value. For example, a 73,000 l b  vehicle  powered by the 
basel ine engine has a maximum speed of 51 mph on t h e  upgrade, while the 
same t ruck f i t t e d  with one of t he  BBS-equipped engines w i l l  be able  t o  
reach a speed of about 55 mph. For a f ixed weight, t he  BBS-equipped 
vehicles  can t r a v e l  about 3 t o  5 mph f a s t e r  on t h e  upgrade. 

The scaled engines speed, accelerat ion and grade c a p a b i l i t y  r e s u l t s  would 
be almost i d e n t i c a l  t o  those of the basel ine engine. 

6.9 Conclusions 

With t h e  a i d  of t he  UTRC t ruck performance simulation program, a thorough 
analysis  of the performance of the engines of i n t e r e s t  has been conducted. 
Driving cycle  and steady speed f u e l  economy has been computed including 
v a r i a t i o n s  with respect  t o  vehicle  speed and weight. Also,  truck 
d r i v a b i l i t y  has been character ized and questions of engine scaling 
explored. Several conclusions can be drawn. 

F i r s t ,  it has been shown t h a t  the measure of f u e l  economy must be ca re fu l ly  
chosen. For any two of t he  engines considered, t h e  difference i n  engine 
economy v a r i e s  as t h e  operating point  i s  var ied.  Hence, should an 
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FIG. 6.16 
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FIG. 6.17 
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FIG. 6.18 
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u n r e a l i s t i c  dr iving cycle be chosen, not only w i l l  t he  f u e l  economy f igu re  
be inco r rec t ,  but a l s o  any comparison made between engines w i l l  be 
misleading. 

I n  general ,  t h e r e  i s  an increase i n  f u e l  economy over t h e  basel ine engine 
f o r  each of t he  BBS-equipped engines. The magnitude of t h i s  difference i s  
on the order of 10 percent.  This difference is a l s o  r e f l e c t e d  i n  annual 
f u e l  savings f o r  t he  BBS-equipped engines compared t o  t h e  base l ine  engine. 
Typical annual savings i n  f u e l  are about 1600 gal lons.  

The e f f e c t  of engine scal ing was examined and shown t o  have a very s l i g h t  
e f f e c t  on o v e r a l l  f u e l  economy because t h e  dr iving cycles employed and 
nature  of t he  BBS engine performance maps. The value of t he  BBS 
variable-reduction transmission was a l s o  shown t o  have a neg l ig ib l e  e f f e c t  
on f u e l  economy. The u s e  of t h i s  more c o s t l y  transmission cannot be 
j u s t i f i e d  on the  b a s i s  of f u e l  savings under t y p i c a l  dr iving conditions.  

of 

I 
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7. LIFE-CPCLE COST COMPARISON 

The purpose of t h i s  chapter i s  t o  provide a comparative assessment of the 
l i fe-cycle  c o s t s  and economics of BBS f o r  insulated d i e s e l  engine 
app l i ca t ions  i n  long-haul trucks. The da ta  presented i n  t h i s  chapter are 
based o t h e  performance and cost  d a t a  given i n  previous chapters and on 
performance and incremental cost da t a  f o r  base l ine  insulated engines 
provided by NASA-LeRC. 

7.1 AssumDtions and Methodologq: 

The assumptions and methodology employed i n  the  economic ana lys i s  are based 
on a set  of guidel ines  provided by NASA-LeRC. The real  e sca l a t ion  rate 
appl icable  t o  the  p r i c e  of d i e se l  f u e l  i s  based on recent project ions of 
f u e l  p r i c e s  by Data Resources, Inc. (Ref. 7.11, which p red ic t  a 2-32 fue l  
p r i c e  real  e sca l a t ion  ra te  f o r  the 1990's. Table 7.1 contains a summary of 
t he  basic  assumptions employed for the economic evaluat ion of BBS-equipped 
engines . 
A discounted cash-flow methodology was used f o r  evaluating the  economic 
j u s t i f i a b i l i t y  of t he  BBS as an addi t ion In  
t h i s  methodology, an a l t e r n a t e  system i s  deemed economically j u s t i f i a b l e  
with respect  t o  a basel ine l e s s  c o s t l y  (but less e f f i c i e n t )  reference 
sys tem i f  t h e  present  value of the l ife-cycle c o s t s  of t h e  former i s  lower 
than t h a t  of the la t ter .  The l i f e  cycle c o s t s  f o r  truck power p l an t s  
include c a p i t a l  c o s t s ,  f u e l  c o s t s ,  operat ion and maintenance expenses, 
taxes and o the r  miscellaneous expenses. Other economic f igu res  of merit 
t h a t  were used include the simple payback period, which must be less than a 
maximum acceptable value,  and the  annual f u e l  savings per d o l l a r  of 
add i t iona l  c a p i t a l  c o s t ,  which must exceed a minimum acceptable value. The 
assumptions given i n  Table 7.1 imply a maximum acceptable payback period of 
3.62 years and a minimum acceptable annual f u e l  savings of 0.23 g a l  per 
d o l l a r  of incremental c a p i t a l  cost  of i n s t a l l e d  equipment. 

The f u e l  savings used i n  the economic ana lys i s  were based on the 
design-point performance of BBS-equipped NASA engines t o  enable NASA t o  
compare t h e  BBS with o the r  bottoming systems on a competitive footing. A s  
recommended by NASA, annual f u e l  consumption scales i n  d i r e c t  proportion t o  
t h e  design-point s f c ,  assuming t h a t  the average f u e l  mileage of the truck 
equipped with the TC engine, is 5.66 mpg. It should be emphasized, 
however, t h a t  f u e l  savings computed from simulations of more rea l i s t ic  
d r i v e  cycles  are l i k e l y  t o  be about one-third lower than those computed on 
t h e  b a s i s  of design point  performance as was shown i n  Chapter 6 .  The 
economic f i g u r e s  of m e r i t  of t he  bottoming system must be within a 
comfortable margin of t h e  l imit ing acceptable values t o  account f o r  t h i s  
discrepancy. t h i s  reason, t h e  scaled power p l a n t s ,  which would be as 
f u e l  e f f i c i e n t  but less expensive than t h e i r  unscaled counterpar ts ,  a r e  
much more l i k e l y  t o  prove economically j u s t i f i a b l e .  

Two sets of economic comparisons were performed: (1) BBS-equipped TC engine 
versus most e f f i c i e n t  of NASA engines, namely, t h e  TCPD/A engine; and 
(2)  BBS-equipped engines versus the  same engines without t h e  BBS. In  
addi t ion,  a study of t he  s e n s i t i v i t y  of t he  r e s u l t s  of t h e  f i r s t  comparison 
t o  f u e l  p r i c e  and equipment l i f e  was a l s o  performed. 

t o  ad iaba t i c  d i e s e l  engines. 

For 

t h e  
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TABLE 7.1 

ECONOMIC COMPARISON ASSUMPTIONS 

* 
Real Cost of Money 

Tax Rate 

12% 

4 6% 

Investment Tax Credit 7% 

Diesel Fuel Price (1983) $/US Gal. 1.2 

Fuel Price Real Escalation (Per Annum) 2% 

Annual Truck Mileage 100,000 

Hardware Useful Life (Years) 7 

Annual 0 & M (% of Capital Cost) 5% 

I 

Depreciation Method Straight Line-5 Years 

* To be used also as 
rate of return. 

the real after-tax minimum acceptable 
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7.2 

The annual f u e l  savings of the BBS-equipped TC engine r e l a t i v e  t o  the 
TCPD/A engine were estimated and combined with the  estimated incremental 
i n s t a l l e d  cos t  of the BBS ($17O/Bhp) and i t s  annual ObM expenses (-5% of 
i n s t a l l e d  c o s t )  t o  y i e ld  the  present value of t h e  l i fe-cycle  cost  savings 
and These ca l cu la t ions  were ca r r i ed  
out both f o r  t he  unscaled power p l a n t s  and f o r  scaled vers ions of these 
power p l an t s .  The reciprocat ing engine c a p i t a l  cos t  w a s  scaled down on the  
b a s i s  of an incremental cos t  of $3O/Bhp. Table 7.2 presents  a comparison 
of these two power p l a n t s  i n  t h e i r  scaled and unscaled versions.  The 
incTementa1 cost  of turbocompounding ($2000) and a f t e rcoo l ing  ($500) used 
i n  generating the  da t a  i n  t h i s  table  were provided by NASA. 

Comparison of TC/BBS and TCPD/A Power Plants  

t he  o the r  economic f i g u r e s  of m e r i t .  

Table 7.2 shows t h a t  the unscaled TC/BBS power p l a n t ,  which has a 
simple payback period exceeding 3.6 years,  cannot be economically j u s t i f i e d  
as an a l t e r n a t i v e  t o  turbocompounding of af tercooled engines (unscaled 
TCPD/A engine).  The scaled TC/BBS power p l an t  shows a marginal 
disadvantage r e l a t i v e  t o  the scaled TCPD/A engine, i .e. , the f u e l  savings is 
not s u f f i c i e n t  t o  j u s t i f y  the  addi t ional  investment f o r  t he  bottoming 
system, p a r t i c u l a r l y  s ince f u e l  savings under r e a l i s t i c  dr iving conditions 
would be about one-third less than those reported i n  Table 7.2 (qee Chapter 
6 ) .  A BBS cos t  reduction amounting t o  35-40 percent would be necessary t o  
make the BBS economically j u s t i f i a b l e  as a s u b s t i t u t e  f o r  turbocompounding. 

7.3 Comparison of BBS-Equioped Engines with Baseline Enpines 

The preceding comparison of the TC/BBS and TCPD/A power p l a n t s  s t i p u l a t e s  
i m p l i c i t l y  t h a t  the bottoming and turbocompounding systems a r e  mutually 
exclusive. It is  evident,  however, t h a t  a bottoming system such as the 
pressurized BBS can be added t o  any of the four NASA engines (TC, TC/A,  
TCPD and TCPD/A), forming the four compound power p l a n t s  TC/BBS, TC/A/BBS, 
TCPD/BBS and TCPD/A/BBS. I n  f a c t ,  it i s  reasonable t o  regard the BBS as  an 
extension of t he  turbocompounding p r i n c i p l e  (see Chapter 2 and Fig. 2.1 
f o r  a discussion of t he  similari t ies of BBS and turbocompounding). 

Table 7.3 p re sen t s  a summary of t he  performance improvements t h a t  can be 
obtained by adding a pressurized BBS t o  each of t h e  four NASA engines and 
t h e  corresponding incremental cost .  The BBS outputs  shown i n  Table 7.3 a r e  
approximate unscaled values obtained from the  parametric da t a  of Chapter 4,  
and incorporating some of t he  data  generated i n  Chapter 5 f o r  t he  optimum 
design of a BBS system matched t o  the  IDE-PITC engine. The f u e l  savings 
were computed on the  b a s i s  of design-point Bsfc improvements and the 
incremental i n s t a l l e d  c a p i t a l  c o s t s  were estimated on the  b a s i s  of a 
constant s p e c i f i c  cos t  of $17O/Bhp f o r  a l l  pressurized BBS.* 

Figure 7.1 contains  a graphical  comparison of t h e  economic f i g u r e  of merit 
[ ( g a l / y r ) / $ ]  f o r  various power p l an t  improvements i n  both scaled and 
bnscaled versions.  The f i r s t  t h ree  ba r s  show t h a t  t he  addi t ion of 

*For power r a t i n g s  spanning a 2 2 5 %  range, t h e  assumption of constant 
s p e c i f i c  cos t  y i e lds  cost  increments t h a t  a r e  within onlyT7% of the values 
predicted by a 0.7 power l a w .  
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TABLE 7.2 

COMPARISON OF TC/BBS AND TCPD/A POWER PLANTS 

(TC/BBS-TCPD/A) Scaled Unscaled 

Incremental Output, Bhp 0 15 

Bsfc Improvement, % 4 . 4  4 . 4  

Annual Fuel Savings, gal/yr 72 9 729 

Incremental Cost (1983$) 3350 3960 
* 

Simple Payback Period, yr 3.8 4 . 5  , 

* 
Maximum acceptable value = 3.6 yr. 
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TABLE 7.3 

COMPARISON OF BBS FUEL SAVINGS AND INCREMENTAL 
COST RELATIVE TO NASA ENGINES 

(Unscaled Power Plants) 

Power Plant 

Base Engine 

Base Engine BSFC, lb/hp,hr 

Compound Power Plant BSFC, lb/hp,hr 

Improvement, % 

BBS Output, Bhp 

Annual Fuel Savings, gal/yr 

BBS Installed Cost 

* 
** 

TC/B%S 

TC 

0.315 

0.280 

11.1 

38 

1963 

6460 

TC/A/ BBS 

TC/A 

0.310 

0.284 

8.3 

29 

1458 

4930 

TCPD/BBS 

TCPD 

0.297 

0.273 

8.1 

30 

1346 

5100 

* 
Computed in accordance with NASA’s recommendations. 

TCPD/A/BBS 

TCPD/A 

0.293 

0.272 

7.2 

‘26 

1178 

4420 

** 
Based on $17O/Bhp 
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af tercool ing and turbocompounding t o  a basel ine TC engine are highly 
des i r ab le  i n  both scaled and unscaled versions.  The last  four bars  show 
t h a t  t he  addi t ion of a BBS t o  any of t he  four NASA engines i s  economically 
j u s t i f i a b l e  i n  the scaled version but only marginally so i n  the unscaled 
version. In  general  , a l l  a l t e rna t ives  appear t o  be economically 
j u s t i f i a b l e  r e l a t i v e  t o  t h e i r  respective base l ine  engines because the 
economic f i g u r e  of merit exceeds the  minimum acceptable value of 0.23 
(ga l /y r ) /$  i n  a l l  cases.  

Care must be exercised, however, i n  comparing the  heights of the various 
bars ;  f o r  example, i t  is  erroneous t o  conclude t h a t  because the f i r s t  ba r  
i s  higher than t h e  fou r th ,  af tercool ing i s  economically p re fe r r ab le  t o  t h e  
add i t ion  of a BBS. I n  f a c t ,  t h e  f i f t h  bar  i nd ica t e s  t h a t  the BBS i s  a 
des i r ab le  addi t ion t o  an aftercooled engine (TC/A/BBS vs. TC/A). 

I n  order  t o  avoid t h i s  confusion, t h e  standard method of economic 
comparison must be used. I n  t h i s  method, t he  a l t e r n a t i v e s  are arranged i n  
an ascending order  of c a p i t a l  c o s t ,  and compared two a t  a t i m e ,  s t a r t i n g  
with the  l e a s t  expensive option (basel ine TC engine) and the next more 
expensive option. The superior of t he  two then becomes the  basel ine f o r  
t he  next p a i r  t o  be compared, and so on. Here, supe r io r i ty  i s  measured by 
an incremental f i gu re  of m e r i t  exceeding the minimum acceptabl,e value , a 
simple payback period shor t e r  than the maximum acceptable value or, equiva- 
l e n t l y ,  a r e a l  a f t e r - t ax  r a t e  of re turn exceeding the  minimum hurdle r a t e .  

The app l i ca t ion  of t h i s  method t o  the  various power p l an t  options considered 
here provides the  appropriate economic ranking as shown in  Table 7.4. The 
ranking i n  t h i s  t a b l e  proceeds from l e s s  c o s t l y  t o  more cos t ly  options; t he  
payback periods and the  economic f igu re  of merits apply t o  the  incremental 
investment between one option and the preceding one. Options t h a t  a r e  not 
economically j u s t i f i a b l e  with respect t o  l e s s  expensive ones were omitted. 

It i s  evident from Table 7.4 t h a t  the most successful  appl icat ion of the 
BBS concept w i l l  be t o  add it t o  a scaled TCPD/A engine. Such a 
combination may even be more economical than indicated i n  Table 7.4 i f  t he  
gearboxes of the turbocompounding and bottoming s y s t q s  a r e  combined i n t o  
one u n i t  and i f  t h e  design of t h e  BBS were optimized f o r  the exhaust 
c h a r a c t e r i s t i c s  of the TCPD/A engine. 

7.4 S e n s i t i v i t y  Analysis 

A l l  t he  preceding economic analyses were based on t h e  assumptions given i n  
Table 7.1. Because f u t u r e  p r i ces  of petroleum f u e l s  are q u i t e  uncertain,  
t he  s e n s i t i v i t y  of t he  economic comparison r e s u l t s  t o  f u e l  p r i ces  was 
estimated f o r  the case of t he  unscaled TC/BBS and TCPD/A power p l an t s  with 
7 and 10 years equipment l i f e .  Figure 7.2 shows t h e  present  value of t h e  
l i fe-cycle  cos t  savings of these two power p l a n t s  r e l a t i v e  t o  the  basel ine 
TC engine as a function of t he  f u e l  pr ice .  

It can be seen t h a t  f o r  a 7-year equipment l i f e ,  t h e  unscaled BBS-equipped 
TC would become economically superior t o  the  TCPD/A engine only i f  
f u e l  p r i c e s  exceed $1.4/gal (1983$). With a lo-year equipment l i f e  , 
however, t h e  unscaled BBS-equipped TC engine would compete with the TCPD/A 
engine a t  f u e l  p r i c e s  i n  the  v i c i n i t y  of $1.2/gal (1983$) which are very 
close t o  d i e s e l  fue l  p r i c e s  a t  present.  The corresponding r e s u l t s  f o r  the 

engine 
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TABLE 7.4 

Rank Power Plant 

a) Unscaled 

ECONOMIC RANKING OF SYSTEMS 

TC (Baseline) 
TC/A 
TCPD 
TCPD/A 
TCPD/A/BBS 

b) Scaled to 300 Bhp 

Payback* ** 
Period Economic Figure of Merit 
[Years] [ (gal/yr) / $ I  

TC (Baseline) 
TC/A 
TCPD 
TCPD/A 
TCPD/A/BBS 

c) Scaled to 350 Bhp 

TC (Baseline) 
TC/A 
TCPD 
TCPD/A 
TCPD/A/BBS 

-- 
1.48 
1.71 
1.86 
3.13 

-- 
1.13 
1.06 
1.12 
2.01 

-- 
1.32 
1.24 
1.30 
2.35 

-- 
0.56 
0.49 
0.45 
0.27 

1 -- 
0.74 
0.78 
0.75 
0.41 

-- 
0.63 
0.67 
0.64 
0.35 

* 
** 
Maximum acceptable value = 3.62 years 

Minimum acceptable value = 0.23 (gal/yr)/$ 

95 



scaled power plants  would place the intersect ion point for the 7-year l i f e  
s l i g h t l y  below $1 .2 /gal ,  as  could be inferred from the data given i n  Table 
7.2.  The corresponding value far the 10-year l i f e  would be lower than 
$1 .O/gal. 

9 6  



FIG. 7.2 

EFFECT OF FUEL PRICE AND EQUIPMENT LIFE ON LIFE CYCt SAVINGS FOR 
S TURBOCOMPOUND AND BRAYTON BOTTOMING S 

(BASELINE: TC ENGINE) 
REAL OlSCOUNT RATE = 12% ; REAL FUEL PRICE W. = 2% 

TC ENGINE +BBS - - - 9- TCPDIA ENGINE 

m t  

1 .O 1.1 1.2 
___I 

1.3 
FUEL PRICE, 1983$/GALLON 

(INITIAL VALUE) 
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8. DISCUSSION AND CONCLUSIONS 

8.1 General Discussion 

It has been shown t h a t  Brayton bottoming systems, p a r t i c u l a r l y  t h e  
pressurized BBS, can be e a s i l y  integrated with ad iaba t i c  d i e s e l  engines, 
e f f ec t ing  s i g n i f i c a n t  f u e l  savings over t y p i c a l  long-haul truck 
cycles.  Brayton bottoming systems represent  a log ica l  extension 
well-known turbocompounding concept and can be used e i t h e r  instead o f ,  o r  
i n  tandem with it .  The BBS is  r e l a t i v e l y  simple i n  construct ion and i s  f r e e  
from the  complexity associated with t h e  use of organic o r  high pressure 
working f luzds .  Therefore is is q u i t e  l i k e l y  t h a t  t he  u n i t  c o s t s  ($/Bhp) 
w i l l  be considerably lower than t h a t  of Rankine cycle systems. This has 
been shown t o  be t rue  i n  a wide v a r i e t y  of commercial and developmental 
Brayton and Rankine cycle power plants  (e.g., gas tu rb ine  vs. steam turbine 
power p l a n t s  and automotive gas turbines  vs. automotive steam engines). 

The f u e l  savings a t t r i b u t e d  t o  the BBS would be s u f f i c i e n t  t o  j u s t i f y  the  
add i t iona l  cos t  of t h e  BBS r e l a t i v e  t o  the  basel ine engine i f  t he  technical  
and economic unce r t a in t i e s  associated with t h e  ad iaba t i c  engine/BBS power 
plant  could be reduced t o  an acceptable level .  The BBS approach appears, 
a t  b e s t ,  t o  be marginally j u s t i f i a b l e  as an a l t e r n a t i v e  t o  the  less r i s k y  
turbocompounding approach. However, t he  BBS could prove j u s t i f i a b l e  a s  an 
addi t ion t o  a turbocompounded adiabat ic  d i e s e l  engine, provided a l s o  t h a t  
technical  and economic uncertaingt ies  are reduced t o  an acceptable l eve l .  

8.2 Technical and Economic Barr iers  

Technical and economic unce r t a in t i e s  c o n s t i t u t e  the major b a r r i e r s  t h a t  may 
hinder t h e  development of BBS or other  bottoming systems f o r  ad iaba t i c  
d i e s e l  engine appl icat ions.  The major technical  and economic unce r t a in t i e s  
a r e  those associated with: 

. Adiabatic d i e s e l  engine performance, exhaust conditions,  

. 

. . Future f u e l  p r i ces  . Market s i z e  

and p a r t i c u l a t e  emissions 
Primary heat exchanger performance, corrosion and fouling 
i n  d i e s e l  exhaust service 
Turbomachinery eff ic iency,  r e l i a b i l i t y  and cos t  

Furthermore, t he  economic worth of power p l an t  performance improvements 
through t h e  use of bottoming systems may diminish s i g n i f i c a n t l y  owing t o  
the  commercial introduct ion of simpler methods f o r  improving t h e  f u e l  
economy of heavy duty trucks.  These methods include drag reduct ion,  more 
e f f i c i e n t  engines, b e t t e r  drive-trains,  e t c .  The advent of these methods 
would increase the r e l a t i v e  economic uncertainty associated with the  use of 
bottoming systems and could increase the  t r a d i t i o n a l  re luctance of t he  
trucking industry t o  t h e  introduct in  of devices t h a t  a r e  perceived t o  be 
un t r ad i t i ona l .  



8.3 Recommendations 

The results and discussions presented in this report suggest that the 
development of a BBS is likely to be much less problematic than the 
development of a commercially mature adiabatic diesel engine that would be 
acceptable to the trucking industry. Therefore, a bottoming 
development effort, particularly prototype fabrication and tes 
be paced in accordance with the development schedule of the en 
Several aspects of bottoming system developments could be investigated in 
parallel with adiabatic engine development. These include both component- 
and system-related efforts, viz.: 

(1) Turbomachines 

. Development of small, high performance turbomachines (gas tur- 
bines and compressors) that can be easily integrated with adia- 
batic engines as BBS turbomachines , turbocompounding turbines 
or turbochargers. 

. Investigation of novel methods for integrating these turbomachines 
with the engine to achieve synergism, e.g., configurations that 
allow the integration of turbocompounding turbines with BBS tur- 
bines; use of mechanically driven supercharger in turbooompound 
or BBS-equipped engines to achieve more favorable torque-speed 
characteristics, etc. 

( 2 )  Heat Exchangers 

. Detailed investigation of fouling and corrosion abatement in 
adiabatic diesel exhaust heat exchangers .* This effort would 
be particularly beneficial to subatmospheric Brayton and Ran- 
kine cycle development. 

. A study of the transient thermal behavior of heat exchangers 
used in bottoming systems. 

( 3 )  systems 

. Preliminary assessment of the feasibility of using a BBS in 
tandem with a highly insulated turbocompounded engine. 
effort could also include the investigation of integrating 
the turbomachines and gearboxes for the turbocompounding sys- 
tem and the BBS. 

This 

Finally, it should be emphasized that an assessment of the relative 
economic merit of various bottoming system options should be based on a 
careful evaluation of the fuel savings potential of the various options 
under realistic truck operating conditions (typical drive cycles) and a 
consistent estimation of the capital and OLM costs of each option. This is 
necessary to ensure that the cumulative uncertainties of over- and 
under-estimation of the performance and cost of the various options do not 
render the results of the comparison meaningless. 

*This is a problem that has been and is still under investigation. 
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