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ABSTRACT
This paper describes the development of an emissions

upgrade kit fbr the DDC 6V-92TA MUI bus enginc

manufactured by the Detroit Diesel Corporation (DDC). It

incorporates three components: a base engine upgrade kit. a

diesel oxidation catalyst and an electric demand turbocharger.

A particulate matler level of 0.09 g,ihp-hour has been

demonstrated and cenification is currently being sought at the

0. I g/hp-hour level under the US EPA s Urban Bus Rebuild./

Retrofit Program.

INTRODUCTION
Diesel engines remain in widespread use because they arc

reliable. durable. easy to maintain. inexpensive to operate and

are more luel elf icient than rny other option. They are also

lo$ emitters of so-called greenhouse gases. Untbrtunately.

diescl cngines havc relatively high levels of paniculate

emissions (PM) and visibly contribute to airbome pollution.

For this reason. the US EPA has focused much ilttention on

PM emissions l iom diesel buses which operate in Iarge

metropolitrn areas. Because diesel engines typically have a

long litctime. the EPA has mandated that pre- 199'1 model-ycar

bus engines musl incorporate low emission equipment at the

time ol an enginc rehuild. The prinrary requirenrcnt ol the

EPA Urban Bus Rebuild/ Retrofit program ll l  is to meel it

0.1 g/hp hour PM cnrissions lcvel. dcpending o thc

availabil ity ol ccrti l ied equipmenl. This paper rcporl\ on one

such retrofit kit. applicable lo the 6V-92TA MUI engrne,

which has been dcvclopcd by the Detroil Diesel (- 'orporation

(DDC)in conjunction with i ls enrissions techn()logy partners.

In addition to upgraded basc engine hardwarc. the kil

cmploys l novcl high response elcctric detnand turbocharger

(tDC) and an advanced lechnolog) dicsel oxidation cdtalYst.
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DDC 6V-92TA MUI EMISSION UPGRADE
TECHNOLOGY

DDC ENGINE IJPGRADE KIT - The Detroit Diesel

6V-92TA MUI engine was first certit ied for use in urban bus

applications in 1979 and remained in production thorough

Figure l: DDC 6V-92TA Engine Emissions Upgrades

l9ll9. Emission upgrrde tcchnology was introduced in 1990

and has been continuously developed by DDC to the point ol

US EPA Cenification (tbr 2-5 percent PM reduction).which

was obtained in October of 199-5. Upgrades have been

designed to be incorporated at rcgularly scheduled engine

overhauls and to give bus ()peralors the flexibil i ty ttr

standurdize their engine build. As shown in Figure l.

upgrldes irrclude a turbocharger. an upgraded scavenger

blower |ssemb,y. lgllg-st ndrrd luel injectors and current

production pisk)ns. piston rings and cylinder l iners.

Specific hardware combinilt ions are ottered based upon

crankshati rotation lright hand or lell hund rotation). engine

power output {bused upon fuel injectors sizc)and the

orientali()n of the enginc in the bus (41 degrce ti l t. l5 degrec

r i l r  o r  upr ighr  ) .



Testing at DDC has shown that PM from il two-cycle

engine is approximately hall soot (carbonl and hall organic

comgrunds (Volati le Organic Fraction. VOF) (The

introduction of low sulfur diesel Iuel has reduced any PM

contribution l iom sullate production to less than a lew

pcrcent of the t(nal. ) As shown in Table l. upgrading thc base

engine significantly reduces PM Soot is reduced by

inrproved combustion resulting from modificit l ions to the fuel

injectors and air syslem and the improved cylinder

con'rponents reduce oil ctlnsunlption and hence VOF

Additional reductions in both PM components have been

achieved using a dicsel oxidation catalyst to reduce VOF and

an electric demlnd turbocharger (EDC) to reduce soot The

catalyst olTers the advantages ol low-cost. proven durabil ity

and of being a passive component rlhich is easy to install '

The EDC atlows intake boost pressure to be achieved much

nrore rapidly than fbr a conventional turbocharger' so that thc

period of low-btxrst during accclerultion is largely overcomc

ELECTRIC DEMAND TURBOCHARGER .

The EDC (F'igure 2) is provided by Turbodyne Systems

lnc. and consists of a low-inenia centrifugal compressor

installed ahead of and in series with the engine turbocharger'

A bypass valve prevents any intake restriction once the

turbocharger has spooled-up. The EDC is driven by a

high-torque. brushlcss DC motor. drawing a peak current ol

3(X) arnps and is controlled by an enginc interlace conlroller

To reduce vehicle battery demand' the controllc'r deacttvates

thc EDC afier li seconcls or once an airbox pressure of 5'1

kPag is achieved. Activrtion is triSSered by thc input signal

1() thc engine governor. which ensures that response is rapid

and rcpeatablc. The s-vstern achicves:l boosl plessure ol 20

kPag even belbre the engine speed rises significantly above

idle. The EDC has a nltrlt iplier efttct. becausc EDC air also

tlous through the turbine of the enginc turbocharlier' which

in itsclf cluses i l k) accelerate more rapidly Bench tt 'sttng

has dem()nsirrled thil l  the EDC rclches full prcssurc within

approximately 0.'1 scconds. which is about 5 tinres laster than

i,L conventional turbocharger

DIESEL OXIDATION CATALYST -

The diesel oxidalion catalyst (DOC) is providcd b)'

Enginc Control Systcns Ltd and has also been EPA cenificd

to yield 25 perccrt PN'l reduction Washcoal i lnd precious nrctul

loadings have becn spccially developed 1() control VC)F to be

durablc rt high temperlture and inhibil sullate firrnration l2l '

Figure 2: Turbodyne Electric f)emand T[rbocharger

The catalyst is typically provided as a mufl ' ler/catalyst

combination. Because excessive back pressure can significantly

degradc both engine and emissions perfbrmance' designs

have been carefully optimized to have low backpressure'

Figure 3 shows data obtained at Connecticut Transil on a

1990 bus with a DDC 6V-92TA DDEC ll engine Results

were obtained at rated spced and tull load. at transmisslon

stall and for l iee acceleration All tests are seen to meet the

DDC specil ication l irr back pressure not to exceed l0 kPa
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Figure -1: Mufller/Catalyst Backpressure Validation Test

EMISSIONS AND PERFORMANCE TESTING

The tcst enginc rvas a lglJ(r l)DC 6V-911A MLll bus

engine (V6. two-strokc. dirccl injected and turbochargcd'

u  i th  l r t te r i rn l ing  l rn . l  ger r  t t r i r cn  R 'x ' l \  h l ' ! \  ( r  l ( ) r

scavenging). producing peak power o1 207 kW al 2 l(X) rpm'

anrl n<xrinal pelk rorque of t 139 N m at l2(X) rpnr' Thc

enginc is shown with the EDC installed in Figure '1'



Emissions and perfbnnance testing were conducted in i l

transient tesl cell at Southwest Research Institute. The test

cell incorporates a t 'ull l l lw constant volume sampling

systcm (CVS) for dilute nreasurement of both gaseous and

paniculate emissions. During steady-state performlnce

testinS. intakc air t low was measured using a laminar flow

element. All tests were conducted using a diesel test fuel

meeting the specifications required 1or posrl994 bw sultur

emissions grade 2-D diesel fuel.

Figure 4: Test Engine with TDC installed

Emissions were measured over the US EPA hcavy duty

rransient cycle following procedures outl ined in CFR Title '10

Part 86 Subpart N for heavy-duty diesel engines. Emissions

of hydrocarbons (HC) were measured using a heated l lamc

ionizilt ion detcctor (FID). CO and C02 emissions were

rneasurcd I 'rom proportional bag samples using NDIR

instruments and NOx emissions were measured using a

chenrilumincscenl instrument. Total paniculate mattcr {PM)

was deternrincd by collecting particulate on I set of 90mm

Pallt lex l l l ters via a double dilution technique Paniculate

fi lters were analyzed lbr VOF using direct f i l(er iniection g{s

chromatography l i l l . and l irr sulfates via ion chromlt(,graphy.

For EDC testing. electrical pou'er wus battery strpplied (in

nornral vchicle operrtion i l is supplied tionr {he alternator)

EDC current lnd voltage were continuouslv monitt lrcd and

were uscd to calculate the k)t l encrgy consumcd ovcr thc

trunsient cycle. This n as subtracled tiom the enginc wrlrk in

deriring brake specific emissions {and bruke-spccil ic tuel

( , ,n \umpl lonr .  T lp i i r r l  LDt  e t tc rg l  e ( 'nsu tnp t i0n  nas

betwccn 0..15 and O.52 kW-houl. while t(xal engine work was

l5 kW hour over the lransicnl cycle (1.{) 3.5 percent)

RESULTS ANO DISCUSSION
Prior to the stafi of enlissions testing and development.

the test engine was rebuilt to incolporate the DDC emissions

upgrade kit components. The rebuilt engine was then operated

ti)r 125 hours over a standard DDC durabil ity cycle. An

emissions test sequence, consisting ol one c()ld-stan and two

hot-start transient tests, was run fir l lowing the break-in k)

establish emissions and pertbrmance fbr the engine with the

upgrade kit alone. Regulated transient emissions test results

are given in Table l. while particulate composition data based

on fi l ter analyzes is given in Table 2. lncluded in Table I are

baseline emissions generated fiom a 1979 DDC 6V-92TA that

was rebuilt using original components. A comparlson between

the bascline and the upgrade kit shows substantial reductions

in particulate emissions. l ikely resulting from improved oil

control and improved engine air f low. CO emissions were also

significantly lower, but NOx emissions were increased with

the upgrade kit. although the NOx level remained well within

the applicable emission standard of 10.7 g/hp-hour' Filter

analy.sis results with the upgrade kit indicated that aboul 45

percent of the paniculates were composed of volati le organic

compounds. of which 60 percent were due to unbumed lube oil.

Figure 5: llDC Closed Throttle Pressure Rcspons€

The EDC was installcd lbllowing complction ot the

baseline testing. Several tesls were run in order to quantily

thc perti)rmancc ol the EDC. Figure 5 shows the transienl

rcsponse of the EDC installed on the engine. This test was

pcr lo rn leJ  r rs rng  thc  te : t  cc l l  Jvn l |motne lc r  I ' ,  sc l  en l in (

speed at 2(X) rpnr incremcnls between 6(X) rpm and ll3(X) rpnr

with the throttlc closed. and then lriggering thc EDC

manually. At all cngine specds and air l lows. lhe EDC was

ablc 1o reach tull pressure oulput within 0.' l  seconds' and

generally reach 75 percent ol lull pressure within 1) 2 seconds

This rapid response is crit ical l i tr the EDC to lunction as i i

nrerns to cornpensrtc l i)r turhocharger lall.
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Configuration
Test
Tvpe

Transient Emissions (g/hP-hr)
ffi

BSFC
(lb/hp-hr)

Work
(hp-hr (1 ))

Ret.
(hp-hr

Baseline Composite 0.5 0.5307.43.7 0.464

Engine Kit
Engine Kit
Engine Kit

Engine Kit

Cold
Hot
Hot

Composite

o.4 1 .7  9.3 0.184
0.5 2.O 9.8 0.191
0.5 2.O 9.6 0.195

0.5 2.O 9.7 0.190

0.470
o.454
0.447

o.457

20.4
20.7
20.8

20.7

21 .3
21 .3

21.3

Engine Kit+EDC
Engine Kit+EDC
Engine Kit+EDC

Engine Kit+EDC

Cold
Hot
Hot

Composite

0.4 1 .1  9.7 0.158
0.5 1 .0  10.5 0.146
0.5 1 .1  1 0.3 0.154

0.5 1.0 10.4 0.'148

o.477
0.466
0.462

0.468

19 .8
20.1
20.2

20.0

2 1  . 1
21 .1
2 1  . 1

21.1

Engine Kit+EDC+CatalYst
Engine Kit+EDC+CatalYst
Engine Kit+EDc+Catalyst

Engine Kit+EDC+CatalYst

Cold
Hot
Hot

Composite

0.1 0.4 9.5 0.094
0.1 0.4 9.8 0.090
0.1 0.4 10.2 0.088

9.8 0.091o.40.1

0.476
o.462
0.460

0.464

19.7
20.2
20.'l

20.1

21 .O
21 .O
21 .O

21.O

Table 1: Transient Emissions Test R€sults

The output Pressure of the EDC at various air flow levels

is shown in Figure 6. The maximum boost available from the

EDC was about 20 kPag, and this level of boost was

available until just under 200 cfm of engine air flow' At this

point. EDC output pressure declined linearly with increasing

engine air flow until between 425 to 450 cfm above which

the EDC was unable to provide additional boost pressure At

this point the bypass valve in the EDCsystem opens to

prevent it from restricting engine air flow In addition' the

EDC was de-energized at this point to conserve power'
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Figure 7: Engine Airllow with and without EDC

Figure 7 shows engine air flow with the EDC on and off

ar vadous speed and load points. Measurements were made

by setting engine speed and load with the EDC off and

measuring air flow; then triggering the EDC manually and

measuring air flow again. The data show a significant

increase in engine air flow at all loads up to about 1000 rpm'

and in part load air flows up to about 1200 rpm. A crossover

point occu$ at about 450 cfm where the EDC does not

improve engine air flow, which is consistent with data given

in Figure 6. This point is the shut off point for the EDC

controller. The switching is actually accomplished by means

ol a pressure sen\or in lhe intake air box. Based on the air

flow and pressure data the switch was adjusted to tum off the

EDC ar 54 kPas of air bor Pressure

4

L:.1-! 'z
t - -

;,Y

Fisure 6: EDC Pressure vs Flow Performance



Subsequent transient cycle calibration runs were

performed with the EDC installed to determine the optimum

system configuration. The DDC 6V-92TA MUI engine

normally employs a mechanical throttle delay mechanism in

order to compensate for turbocharger lag and hence prevent

the emission of large amounts of smoke during the initial

stages of acceleration. The time delay for the test engine in

its stock configuration when the engine was fully warm is

roughly 6 seconds from wide-open-throttle command to the

actual full opening of the fuel control rack. With the EDC

installed, it was found that this delay could be reduced by

roughly 2 seconds, which was accomplished by resetting the

mechanical delay, while still maintaining the full emission

benefits of the EDC as detailed in Tables I and 2. This

resulted in improved throttle response and slightly improved

transient cycle work, which helped to partially comPensate

for the work required to power the EDC- All test

configurations with the EDC installed also included this

recalibration of the throttle delay mechanism. The improved

throttle response is anticiPated to provide improved vehicle

acceleration performance when the system is installed in

buses.

600 800
TtME (SEC)

Figure 8: EDC Currenl and lbltage

The current and voltage requirements of the EDC during

a typical transient cycle are shown in Figure 8 Wben not

triggered by the electronic controller, the EDC operates in an

"idle" mode, drawing about 10 amps of current. This mode

aides in EDC response because the compressor does nol ha\e

to be started from a complete stop when triggered, thus

overcoming stanup inenia. When the controller triggers the

EDC, the cunent dmw quickly rises to 300 amps. driving the

EDC at full speed and maximum airflow until shut off by

either the airbox pressure switch, or an 8 second safety

timeout. This equates to a 7 kW power requirement during

full speed operation. During transient cycle operation, the

EDC was always shut down by the pressure switch' and

therefore was never on for more than a few seconds.

Tbe average power draw for the EDC during the entire

transient cycle was actually about 1.5 kW This equated to

about 0.5 kw-bour of work, or roughly three percent of the

total work produced by the engine during the transient cycle.

It should be noted that this calculation does not account lor

altemaror efl iciency. as an altemator was not used during

either baseline or retrofit hardware testing

Composite ransient emissions are shown in Figure 9 fbr

all test configurations- It should be noted that the work values

shown for configurations with the EDC installed have been

corrected for lhe power used by the EDC during the tran\ient

test- The data shows significant reductions in both CO and

PM, 50 percent and 22 percent respectively' with the EDC

installed and operating. These reductions are likely due to

improved in-cylinder mixing and combustion during

accelerations due to the increased air flow provided by the

EDC at low engine speeds- NOx emissions were slightly

higher with the EDC, possibly as a result of slightly higher

in-cylinder temperatures caused by imProved combustion at

lower engine speeds. The reduction in particulate emissions

was not, however, enough to reduce particulates to below the

0.1 g/hp-hr target of the Urban Bus Rebuild/Retrofit

Progmm, without the assistance of an aftertreatment device

such as an oxidation catalySt.

CO NOx
POLLUTANI
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Figure 9: Gaseous Emissions Test Results



Table 2: Particulate Emissions Test Results

Contiguration
Test
Type

TOTAI PM
(S/hp-hr)

VoF (s/sp-h0 Non
Volaliles
(s/hp-hr )Total fitf;l,u I oil

Engine Kit
Engine Kit
Engine Kit

Engine Kit

Cold
Hot
Hot

Composite

0.184
0 . 1 9 1
0.195

0.190

0.085 0.043 0.042
0.078 0.027 0.052
0.074 0.027 0.047

0.079 0.029 0.050

0.099
0 . 1 1 3
o.120

0.111

Engine Kit+EDC
Engtne KII+EUU
Engine Kit+EDC

Engine Kit+EDC

Cold
Hot
Hot

Composite

0.158
0 . 1 4 6
0.154

0.148

0.084 0.044 0.039
0.085 0.043 0.043
0.078 0.040 0.037

0.085 0.043 0.o42

o.074
0.061
0.076

0.063

Engine Kit+EDC+CatalYst
Engine Kit+EDC+Catalyst
Engine Kit+EDC+CatalYst

Engine Kit+EDC+CalalYst

Cold
Hot
Hot

Composite

0.094
0.090
0.088

0.091

0.028 0.020 0.008
0.041 0.029 0.013
0.030 0.020 0.009

0.039 0.027 0.0'12

0.066
0.049
0.059

0.051

Figure l0 shows the breakdown of comPosite Particulate

emissions for all test configurations. These results indicate

that the reductions in PM observed with the EDC were

entirely within the non-volatile comPonent. This is consistent

with the idea that the EDC improves fuel/air mixing and

hence combustion, at lower engine speeds. VOF emissions'

which are composed largely of unbumed lube oil and fuel'

are essentially unaffected by the EDC. This shifts the PM

composition toward higher VOF and creates an environment

which is more favorable for a diesel oxidation catalyst'

I Nonvorarires Z Fuel* other voF I o'l

HC Co NOx PM
POLLUTANT

Figure 1l: Catalyst ConY€rsion Effrciencies

The muffler/catalyst was installed on the engine and aged

for 20 hours prior to any testing' in order to stabilize its

performance. Conversion efiiciencies with tbe EDC installed

are show in Figure I I . The catalyst was able to oxidize nearly

40 percent of the remaining engine-out particulates and almost

55 percent of the VOF component. This reduction' combined

with that already produced by the use of the EDC' was

successful in achieving the regulation target of 0 1 g'4lP-hour

The particulate composition data in Figure l0 confirms

that the reduction occurs mostly in the VOF component Large

reductions of HC and CO emissions were atso observed' which

is an additional benefit from the catalyst. NOx emissions were

largely unaft-ected, although a small reducdon was noted' This

was most likely due to the small incrcase of backpressure which

results in an increase in inremal exhaust gas recirculation
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Fizure 10: Particulate Emissions Test Results



FIELD EVALUATIONS CONCLUSION
Although the US EPA s Urban Bus Rebuild,/Retrofit By combining available technologies in an optimized

Regulation does not require any durability or in-sewice system, the most stringent PM emissions target of

resring, DDC has corducted extensive field trials. DDC 0.1 g/hp-hour set by the US EPA for rebuilt engines, has been

began field trials of the retofit system in July of 1997. To achieved on a mechanically controlled diesel engine. The kit

date, eight complete systems have been installed in buses and is skaightforward to install, is durable and in no way

are operating daily in regular revenue service at four rnajor compromises the performance or driveability of the engine.

US transit agencies. These field rial units have almost In addition to meeting the PM standard, the system achieves

40,000 miles of customer service and have performed without 80 to 90 percent reductions in CO and HC emissions.

any major failures and have not required any in-use mainte-

nance or repairs. The highest mileage unit has operated over ACKNOWLEDGEMENTS

13,000 miles with no system failures. In addition, field trial The authon would like to express their gratitude for the

fleets have reported no loss in drivability or vehicle assistance provided by Mr. John Duerr and Mr. Jeffery

perfbrmance and somewhat better fuel economy- Wickmaa of DDC.

one focus of the field evaluations has been to address any REFERENCES

concern with the impact of the EDC on the engine electrical 
l. CFR Title 40 part g5 Subpart O -CONTROL OF

system. The majority of DDC urban bus installations use the 
AIR 'OLLUTION FROM MOTOR 'BH'CLES

Delco-Remy 50dn altemator rated at 270 or 300 amps. The 
AND MOTOR VEHICLE ENGINES. Urban Bus

field trial evaluation units have been equipped with the 
Rebulld Reourrements,,.

Delco-Remy 50dn alternator rated at 270 amps and to date,

no problems of any kind have been encountered with the 2. Brown, K.F., Rideout, G., "Urban Driving cycle Results
buses' electrical systems DDC has data logged one of Retrofitted Diesel oxidation catalvsts on Heavv Dutv
installation, which indicated that the EDC is active in tie Vehicles,,. SAE 960134.
high speed mode for only approximately 10 percent of the

time and that the average current draw is around 35 amps. 3. Newkirk Matthew S., ,.Application of Methods for

Determining Total Organic Contribution to Diesel

Particulated". ASME 92-lCE- 1 6.


