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Fundamental Study of Waste Heat Recovery
in the High Boosted Multi-Cylinder Diesel Engine

Takuya YAMAGUCHI™

Abstract

In heavy duty diesel engine, waste heat recovery has attracted much attention as one of technologies to improve
fuel economy further. In this study, he combined cycle of a diesel cycle and Rankine cycle is focused as the waste heat
recovery technology of a diesel engine for heavy-duty commercial vehicles. And the effect of combined cycle on fuel
economy was evaluated in single-stage turbocharging system and second-stage turbocharging system. As a result of
estimation, the improvement in fuel economy by combined cycle was estimated 2.7% (single-stage turbocharging system)
and 2.9% (2-stage turbocharging system), when heavy duty vehicle (GVW=24980 kg) was assumed to cruise at 80 km/h
on high way.
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Table 1 Engine specifications

Item Specifications
Engine type DI inline 6
Displacement cm’ 10520
Bore X Stroke mm 122x150
Max. engine speed rpm 2000

Common rail system

Injection system (Max. Pinj=220 MPa)

Nozzle mm Minisac 0.173x8—155°
Piston material FCD
Combustion chamber Shallow dish
Compression ratio 170

Swirl ratio 1.0

EGR system HPL & LPL EGR system
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Fig.l Schematic of engine system Fig. 2 Schematic of engine system
(Single-stage turbocharging system) (2-stage turbocharging system)
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Table 2 Fuel properties for test Table 3 Experimental conditions at full load operation
Category Properties Category Properties Single-stage turbocharging Second-stage turbocharging
— 3 Ne
D}nsny 1.5°C. 4 _ g/ sz 0.8279 | Elements C 86.0 BMEP Pb EGR rate| BMEP Pb EGR rate
Kinematic viscosity 30C mm®/s | 4.147 | mass % H 13.9 rpm MP KP. o MP kP %
Flash point T 76.0 0 - a a 0 2 4 0
Cetane index (JIS K2280) 61.3 N <0.1 600 0.85 113.6 19.8 1.42 185.0 20.2
Cetane number 57.4 | Components Saturates 82.9 800 1.24 162.6 25.5 1.85 255. 6 27.2
Distillation IBP 180.5 | Vol. % Olefins 0
1000 2.08 268.3 25.4 2.42 331.5 25.9
degC 5% 212.5 Aromatics 17.1
10% 1 2290 Mono- 5.8 1200 215 | 280.1 | 23.7 241 | 349.9 | 230
50% 287.5 Di- 1.0 1400 | 2.20 302.0 24.5 2.42 359.4 20.3
%09% | 337.5 Tric 0.3 1600 204 | 2840 | 30.6 213 | s041 | 210
EP 362.0 | Gross calorific value kJ/kg 45890
— 1800 1.87 255.7 23.7 1.89 289.7 21.8
Sulf 5 Lower calorific value 43020
uier [mass ppm (Calculated) kJ/kg 2000 | 1.70 247.4 20.6 1.72 272.3 17.8
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Fig. 3 T-s diagram of Rankine cycle with superheating
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Engine intake gas flow
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Fig. 4 Schematic of combined cycle system
(Single—stage turbocharging system)
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Fig. 5 Schematic

of combined cycle system

(2-stage turbocharging system)

Table 4 Condition of Rankine cycle with superheating

s _5 ex::r‘ltger — _@I)_ -

®

! Feeder
v pump

®

P1 T1 P3 T3 Lalit ow Mt
MPa T MPa T |y e T ex MPa | kg/h
Single-stage 45.7
turbochrging system :
4.7 420 0.1013 100 0.901 0.87 0.85 0.95 4.7
2-stage 48.6
turbochrging system :
—@— Single-stage turbocharging =<0= 2-stage turbocharging system
X ;
) 200 Preheating .
=
= - 693.2K 7!
Deso | HTMPa 6332K  (420°C) A"
£ (360°C) 0",/
‘§ 600 /,,0'
o 550 7~
© v Saturati i 603.2K
-7 aturation region -
g 500 413.2K o 9 (330°C)
=] 373.2K (140°C) - 533.2K
© 450 (100°C) . (260.07°C)
()] \ ’/' '
g— 400 | o7 37132k
) O’ (100°C)
= 350
LPL-EGR HPL-EGR
Intercooler C=) ~ sooler — Heat exchanger — cooler

Fig. 6 Temperature change of working fluid in combined cycle
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BT F A 7 MIBWT, EEfE (k) 2°HPL-EGR 27— %3889 % £ TOMREZEIL 2 7. VEBFA LT HE
BT Puw=4. TMPa F THIE S N RICHEBEIE Y A7 4 084, 100C (373.2K) TA ¥ ¥ — 27 —F 124 A L LPL-EGR
7 —F% @8 5 FTIC140C (413.2K) FTTFESINL. ZOfk, BHEE L OHPL-EGR 7 — 7 %#i# L, HPL-
ROBEETE Mo TR 5RO, 2T, e TSRS OMBIEL R L2 Z[E L - BALKHMBHETH L. K
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LIGERE IR SRk, 22T, L FEEROLDE, 1L IZEHEROAE, n. B I P n. (ZEEKRS X OEHEE
DET Y PO EERTH S,

_ Nex -E. o
Moy = 3600 (1
vap = <luut X Nse — 7171';1 ) X (mwf/3600) (2)

4 -3 HEHSOALINA L RYA7IHEANOTBEHE

7B LU0 S IZHEEIEY AT AB IO 2 BB AT 40 Ne=1200rpm OB BT 5 B#ogiisy, HPL-
EGRZ7—7, LPLEGR 7 — 9B LA v ¥ =7 = 12BITAEHIE, AT ANVEBLIOTa N, Y KA 702
BULWEBHDOFIREREZRT. HEWRB Y AT 01280520V v OBPEE144. 2kW 1233 2 B A v ¥
1350. 6kW T V), AR AN FRZe=35.1%Thb. T VIHHRENTECGR 7 — 7 RS2 L THE# &
NEHADWREE, )V F—WIIBITLRET ALY DRIBETH L7200, T2 IV OPBMPSIY) M3 2 &5 HER
BT ANV FEOEE IV, HEBRE Y AT 2B B33, ¥ Y4 7 VOIgERE 1137 0kW & Fll S h
Iy YU s OBPEE I AERE D OE I E THAZ . =, 2BBRIATAICBIIATZY VU LD
PR 12171, 4kW IS8T 2T 4 L F1359. 3kW TH 5. 2 B T A7 2 OFBPEIE L HE BB Y A 7 4 O
P m L) b2 vs, S 2B Y AT AOERAMAHERIE Y A7 4 5D &, HFRT A0 i s Hika#
MYATLALENBLNTDTHL, 2BEBRIATLAOAMITANTERLe=34.6%ThY), HEBHI AT LAOHER)
IANFREIZIZFAETH L. 72, 2BBHRIATLICBITL TN, ¥ R4 7 )VOEREHTI138. kW & Tl
ENL. TIT, TV VOBHEBEDNS 3 NL ¥ R A 7 VORI A~ OZE R E R (3D L ) 12T AV FR)
T, EERTHE, HEBHI AT A1EN=5.5%, 2BEBHIATLEN =49%ThHb. HEBEBRYATLABX
2B AT LISy VU b ORFBEIIZETHY), TOEMTANVTIZL L0 Y OBEEE EAD
BT UV v VIEENWI EARENDL—FHT, i E I N Y R A 7 VICE ) 0V v OFMFIIERL L9 L3
RIYptr, WET »F A Z VIS BT B EKEE TOEBIADOE: EOF A 7 VIBEO72DI1Z 2 T Y O D S
IVY Y OEMERENOERNRINMEL B 2 e RB LTS, T2, AT ALVERS I VN, ¥ R A 27 VO
EEHI~NOZERNFEE RGO L) ICEN AV FNRE N L E%T L, HEMHKB I AT 2086 0:=15.6%, 2B
BT AT LADGE N =14 1%TH 5.

Ne=1200rpm, BMEP=2.15MPa Ne=1200rpm, BMEP=2.41MPa
180 r 180 171.4 KW
[ Heat exchanger 1 Heat exchanger
160 I HPL-EGR cooler 160 EH HPL-EGR cooler
= 144.2 kW [ LPL-EGR cooler 404 [ LPL-EGR cooler
x 140 [ Intercooler E 140 [ Intercooler
>
=) > —
E 120 £ I Predicted power of = 120 I Predicted power of
0] combined cycle qc’ combined cycle
© 7 [ 4.7
8 100 = % 100
E 18.9 £=35.1% .‘—(l; £=34.6%
T 80 n;=55% z 80 n,=4.9%
S s
> ngz=15.6% S 59.3 kW ny=141%
g 60 50.6 kW o 5 00 66 7
@ o
2 6.7 [}
@0 40 80.2 s1— 5 40 887 166
20 335 7.9 kW 2 60 8.4 kW
0 7.9 - 0
Waste heat Total available energy Predicted power of Waste heat Total available energy Predicted power of
from engine of waste heat combined cycle from engine of waste heat combined cycle
Fig. 7 Waste heat, available energy and power of Fig. 8 Waste heat, available energy and power of

combined cycle (Single—stage turbocharging system) combined cycle (2-stage turbocharging system)
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EGRZ —JIZBWTTERLLFETHILEZONSL. TN, v KA 7 IVOVEERIFARDSHEE & P L ANEL S a2
BENEZAL T B2 RIZBWT, HERT A B L URaR b DY E R 2 ZR L, (FBhiih & AR 7288
ATREL 705 £ O GHEBRAAIAED Y AT LA RS L ENEETH LI L EZRL TV A,

4 -4 APNA YA VL BEXRZEOHE

X9 B L U101k Ne=1200rpm DHELBEIEY A7 4B L 2 BlBHE Y A7 LA OB BT PR A o) % %
BLAL—INF U 2AERYT. STTRTE— MNT Y RARBNZOE L FEINCEDEBE S IZ X DIRESNTHEP
WL DEB L HEBHRY AT 4B XU 2BHEB Y A7 4O Ne=1200rpm D EEMTEIICBIT 5 10 ¥ o5
51338.0% (HEGEARY AT 4) BLU39.0% (2BHBIEY AT 24) THY, HHIEERLHEMIEL 2 EothodEsk L 1t
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I EN TG, HER Y — € EFICHE SN BE 2 RV 72 3FSIR RO A B T 4 )V X0 4 C AR 2 PE2n] A4
WX DIEEZEDLFICHEMAZ A LFD LTEAN 2 ANVFICERENTI Y VY OEMEFE o7z ]EL
s, BB RPERRIAIT T O D O IMEFITHEEIE Y AT AT BWTE2.5%, 2 BB AT A TIE5L 9% %
TUHBESELRT VY VERFLTWS, LrL, @7 XA 7 VvafIHL-a N4 Y A7 vickh
Dy OPBE G FEAZW T L LR E LGS, MR LX) IGEET v F A 2 VICBITARERE R LD
B, TV OHEPIHFALRENDZPBIID R\, D72, TN Y R AL 7 VI BT 0 Yy OREMHFOS
HEIIHBEB Y AT LBV TL 5%, 2BBEY AT 2BV TIELA%IFEETFHEN, T4 Y R4 7V %
FIRHL72BERARAE IS L 2 = 0 2 0 ORKREIMEFHIHEGEAG S A 7 A Tl3d4. 4%, 2 B8B4G A7 A Tld43.5% Th %
TPl ENS.

M11B L OHI2IZHEBEE S AT A B X280 Y AT 2B 5T 284 ¥ B A 2 VI A BBUERD<
TThHDH, HEBEHY AT LABLO2BEHE Y AT 4 & D ITHEMHE Ne=2000rpm O &E M 1BV CREUEERIT K
bl b EFHEN, TOLMFIZB DR ELERIT6.5%THLH. TV v LTHTMEEDE VT EER (Ne=
1000~1400rpm) OEEMIZB T 2 BREUCERITHEBR I AT ABL P 2EBHE Y AT AL ARSEOL NV THY,
3 %DMRBUEHEANET LI ENTEXL, HHAMICBIT A MBEUERIIHEEE Y AT ADFD 2 BBHEY AT A
LD JEPIZREY. ZHEV) Y=o DR ANV EN 2EBLBICE VR —E U HF e LTEH B SN
CEIWCMALPLEGR 7 — 9B XA v ¥ =2 =128 AT N1 ¥ R4 7 VOVEBITAD FROR)EA T 4 BERH
LEZOLND. 2BBGY AT AOBBUEERIIEAMEHFICB W TIHEBHR Y AT A LIEZERILAXVTHL 00,
ORI B 2 RBUCEEOE LIALADKE W, —F, HE#EY AT A0S ERIL, BMEP=1.0MPa Ll Eo
BMICBWT 2% U EORBUERYBL LN TETBY, 2BEBRIATALIDO T NA Y R A 7 VI X 58

[] Effective work [_] Mechanical loss [] Pumping loss [] Effective work [[_] Mechanical loss [] Pumping loss
[ Exhaustloss  [[] Cooling loss [ Unburned loss and other [ Exhaustloss  [[] Coolingloss [ Unburned loss and other
100% 100%
80% 80%
X Improvement by Improvement by X Improvement by Improvement by
8 60% available energy combined cycle 8 60% available energy combined cycle
g 78 (1.5%) < 4.8 (1.4%)
s 78 9.6 <—] 78 | s 9.8 28
= = 4.8 —
3 40% Effective work g 40% Effective work
T with ideal WHR Effective work with T with ideal WHR Effective work with
52.5% combined cycle 51.9% i combined cycle
20% 42,9 42.9 44.4% | 429 20% 421 421 43.5% 421
0% 0% —
Base engine Engine with ideal WHR Engine with Base engine Engine with ideal WHR Engine with
(w/o WHR) combined cycle (w/o WHR) combined cycle
Fig. 9 Heat balance of high boosted diesel engine Fig. 10 Heat balance of high boosted diesel engine

(Single-stage turbocharging system) (2-stage turbocharging system)
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Engine speed rpm Engine speed rpm
Fig. 11 Map of improvement of BSFC by combined cycle Fig. 12 Map of improvement of BSFC by combined cycle
(Single-stage turbocharging system) (2-stage turbo charging system)
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13T A S s & h Rl g 2 AR DI RE Y I 2L —va Y HV— s 7a 774 VvERY. T/, X4
BLUOMIGIE, KFEERE (GVW=24980kg) 25 FELD )V — b % B#80km/h — 5 T kit L 725 12 B 1T 2 KBl
MY ATLE QBB Y AT LDy YV OEEREMBED Y I 2 b—Y a VERERT. MPICBTIHOKRE &1
EHEEERHE O R & S E2RT. 2BHBHR Y A7 2 3EE D S Bl T COEBMABEBRE S A7 4 L) ik L
TWbIZehs, I v0F Yy A¥—71 7ft (i) Z2Hv, ¥ 2= a3 YIZBT 2 ORI
HEBORIE S A7 4 X 1) HIERWEMRRE E L7 BEGEIR Y AT 2128\ C80km/h CHLM 25 H KM L 72354, Ne=1140
rpm DERE D & B ARIF ) GEERFEE S, —77, 2BEEE Y A7 A ZHEBmOEHELL 2K Ly

100
80 Al N
. / A
o 60
I Wy A
£ 40 ﬁquVA, a AJW\M
< wa L\.M\
20
0
0 10 20 30 40 50 60 70
Distance km
Fig. 13 Route profile of fuel economy simulation
3.0 3.0
25 25 - \\\
5 20 4 @ ‘\ 20 //’ ' — —
o o
= //' @ B} = e e
o 15 015 b
| / m|
NP =
1.0 = 1.0
0.5 0.5
0.0 0.0
600 800 1000 1200 1400 1600 1800 2000 600 800 1000 1200 1400 1600 1800 2000
Engine speed rpm Engine speed rpm
Fig. 14 Time frequency of engine operation Fig. 15 Time frequency of engine operation

(Single-stage turbocharging system) (2-stage turbocharging system)



— 34— EERR S RE T 4 — BV Y Y I BT B HER A E 0 JEERT AT

o

3.5
io 29
25
2.0 Effect of combined
- 23

cycle

-
&)

-
o

Improvement of fuel economy %

Effect of down
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Single-stage 2-stage
turbocharging system turbocharging system
with combined cycle with combined cycle

Fig. 16 The effect of combined cycle on improvement of fuel economy

VA =T A v TR TV I s, BRI EAEEE OB WA Ne=1000rpm IIKF L CWw5b, F72, 28
WS AT AT AT T ORI EAEE S HEER S AT AL D bE o TnA.

H16IT KA FERH AT FFELO IV — b 2 80km/h — & CTHyMMHL L 72D T 2N A » B A 7 VI X BB EEO T
fEZRT. ZOUENREDOFHEIZHEEBE Y AT 2B TI VN, 2 YA 72 X BHEEIA 247 % W& D
R FHE L L TWh, BEREBHR VAT AIZBITE T3 VR A 72 V2K DIREUEORRIT2. 7% EFHIE NS,
—77, 2B AT AOWE MBI Y AT AD T VN v R A 7 VIS X BHEE A4 2T b e IR R L2, 9%
DIRBLEER TR SN TS, 2O 2EKBHGY AT A OBUEED FRMEIE, I 231 ¥ P A 7Vl X 5B 0OUGE
MRCMATL Y DF T v A =T 4 Y U L A BEBEOUENR D EATYS, 2EBHY AT AIIB T3y
INA Y B A 7 VI X BHFBARIA DRI X 2B OUERRIZ2.3% TH Y, HEBED AT 4 L) SEIHRIVN
EVDS, 2B Y AT A X AEAMBOIIRE ¥ v A —F 0 U MBI X ) IRESERE (0.6%) 2PED 720,
HEWIE S AT L) DHEMRE R M ETCELRT Vv Ve AL TWAD I EDHERINL.

5. & &

EEET ANV T YU OEBRERICEDSE, TV L0 RS E LA T AV FEN B LT NS
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R4 7 Wi & BB A ORE U ERE, =Y 0k L CHBME OB (Ne=1000~1400rpm) @ 4=
BRMICBWTHEBRH Y AT LABL O 2EBHRY AT AL AREOL XNV TH D 3 BOMRELEIHFT L L0
TE%. Y OATLBBUEDOECRT Vv VE TSI EITHEERA Y A7 2 OBEP VI TH 5.

(2) TIUNAL Y RHFA T NVDOYAT A ERHFERLRKRERHE (GVW =24980kg) 2SI 44 i B [ & rp ol ) ol i &
L2V Iab—3 3 r)b— b &E#HS0km/h —E TEHGET L LB L2HE, HEEH Y AT AdarNg v
R A 7 IVICE V2. 7% DRELEZINECE L. T2, 2BEHB I AT A1, T8 ¥ R A 202 X 2 HE# A
HEE T VA =T 1 v 7L D BEWAR ORI X ) BERRIAE 24T D R WHLBGEIG S A T A OBREITH L
2.9%DBBUELINFET LI LATES,
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