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Abstract

Reactivity controlled compression ignition (RCCI) engine is a dual fuel combustion
technology to realize multi-order reduction in oxides of nitrogen (NOy) and soot emissions,
while achieving higher thermal efficiency. RCCI engine is based on a “unified engine”
concept where the benefits of both high compression ratio stratified compression ignition
operation and partial premixing can be simultaneously harnessed. RCCI combustion is
realized by creating a partially premix and partially stratified in-cylinder mixture with fuels
of opposing cetane rating or reactivity, as constituents. RCCI technology in standalone and
hybrid mode can both complement and compete with the battery electric vehicles.
Furthermore, RCCI technology also presents a suitable proposition to utilize various
potential high and low cetane rating alternative fuels. In the present work, efforts were made
towards four major directions in RCCI engine research.

Firstly, an attempt was made to retrofit a low-cost and mass use stationary diesel engine to
operate in multi-fuel RCCI mode using gasoline, enriched biogas, and anhydrous ethanol as
premix low cetane fuels (Icf) along with diesel as the common stratified high cetane fuel
(hcf). Necessary instrumentation and combustion diagnostics were developed.

Secondly, experiments were conducted at various injection timings of diesel (0soi), low
cetane fuels energy share (ES) and engine loads. The ES was restricted to 60% for gasoline
and 70% for enriched biogas to avoid the need of exhaust gas recirculation (EGR). For
ethanol, limited experiments were conducted up to 50% ES. The injection timings (0soi) Were
varied from 10°CA bTDC to 25°CA bTDC for gasoline-diesel RCCI. For enriched biogas-
diesel RCCI, the same was little advanced between 12°CA bTDC to 27°CA bTDC to exploit
the lower reactivity of the enriched biogas. The engine brake mean effective pressure
(BMEP) sweep was between 0.953 bar to 4.271 bar. Experimental results suggested that

increase in Icf energy share led to significant decline in NOyx and soot emissions for both



advanced and retarded 0s0i. However, for retarded 0s0i, high cyclic variations and rapid drop
in combustion efficiency was witnessed, thereby restricting the upper limit of the Icf energy
share. Furthermore, lower reactivity of Icf such as enriched biogas induced stronger cyclic
variations at retarded 8soi compared to gasoline. However, at advanced 0soi, lower reactivity
of the enriched biogas as Icf was found to be beneficial with no knocking symptoms.
Similarly, at lower engine loads, enriched biogas induced more cyclic variations than
gasoline in RCCI mode. The lower reactivity of the Icf was found to be an enabler towards
load range extension in RCCI engines without the need of EGR. Experimental findings and
literature indicated the need to carve out an optimal window for preferred RCCI benefit.
Thirdly, a genetic algorithm (GA) based multiobjective optimization was carried out. The
experimental findings were used to develop high fidelity parametric maps using supervised
learning based artificial neural networks (SNN). The chosen objective functions for the
optimization were the emissions of NOy, coefficient of variation of indicated mean effective
pressure (COViver) and combustion efficiency (ncomb). The fidelity of the SNN parametric
maps to capture experimental trends was found to be satisfactory. Based on the GA based
multiobjective optimization, maximum energy share utilization and maximum pressure rise
rate (MPRR) limits, the optimal 8si was chosen to be 20°CA bTDC for gasoline as Icf and
22°CA bTDC for enriched biogas as Icf in RCCI mode. For load sweep operations at fixed
optimal 6Osi, Suitable energy shares were also proposed.

Finally, the RCCI experimental data was used to design, develop and test of three
independent mathematically evolved control models to address the RCCI engine “control of
combustion” problem. The first control model involved a pure machine learning based
black-box approach. The second control model was developed by integrating trained
random forest (RF) machine learning and SNN to combustion physics-derived modified

Livengood-Wu integral, parametrized double-Wiebe function, auto-ignition front



propagation speed based correlations, and residual gas fraction model. The third control
model was developed by combining a stochastic pressure cycle reconstruction based tailored
double-Wiebe function and RF machine learning to predict both the average and cyclic
variation trends of combustion metrics. The last two control models were named as grey-
box hybrid and quasi-white-box hybrid models, respectively. The objective of all the three
control models were to predict the condition dependent combustion metrics, viz. peak
pressure (PP), IMEP, MPRR, crank angles of occurrence for start of combustion (0soc), 50%
mass fraction burnt (8s0) and burn duration (6sp) across various RCCI operating regimes. A
superior predictive capability of the proposed control models can provide a low-cost model
driven control alternative against the expensive in-cylinder pressure sensor based feedback
control in RCCI engines.

Results from the black-box model showed an error mean and standard deviation ([err £ Gerr)
of -0.0465+1.664 bar, 0.00056+0.222 bar, -0.0001+0.2263 bar/°CA, -0.0071+0.68°CA, -
0.0217+1.07°CA and -0.0346+2.14°CA for the predictions of PP, IMEP, MPRR, 6soc , 650
and 6gp respectively for gasoline-diesel RCCI. For grey-box hybrid model the values were
0.3633+1.76 bar, -0.0239+0.22 bar, 0.0069+0.27 bar/°CA, 0.0554+0.71°CA, -
0.0848+1.14°CA and 0.0180£1.93°CA in the same order. For quasi-white-box hybrid
model, the values stood at 0.1283+1.94 bar, -0.0004+0.28 bar, 0.0043£0.23 bar/°CA,
0.0460£0.67°CA, 0.0103+1.05°CA and 0.0477+2.16°CA for the aforementioned
combustion metrics in the same order. The cyclic variation sensitivity of the quasi-white-
box hybrid predictive model was found to be comparable with the black-box model. Similar
trends were also observed for enriched biogas-diesel RCCI operations.

Keywords: Artificial neural network; auto-ignition front speed; combustion metrics;
control models; cyclic variations; double-Wiebe function; energy share; genetic algorithm;

Livengood-Wu integral ; Pareto front; random forest machine learning; RCCI etc.
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gfafeariied Adfa ddteq usaad (Rocn) S99 3= AU Gérdl U d’d gU
SIS SRIZS (NOy) 3R HIeRd Io & HRY HHt A & folT T I7d db-ts
81 RCCI TH "TSHIdd So" SGYURUN TR TR § STgi dTuTd Gérdl arH & o wkigd
GUS UoaaH & 1Y I IS SUTd & F1Y-JTY NOx 3R HIeRa Iosi- H Bl &
oy 31ifRrer ga-fArsior & A1y U1 fhT o ¥ehd & | RCCI G8H &1 Uedh & U H TRER
farTeR ey e an ufaforarsiiarar & Sem & ary Siiflie ga-fisor o siiflie wWiiga
Z-RyciSR s §1eR Hegd fordr STTaT ] | Ws3iaH 3R giRfas His # ReCl ddiid
dedt gafdes el & R 3R ufawaef S B Tl § | $9P 3HaTal, RCCI Tt
faftr FuIfad S= SR g e e dwfeteds Sem &1 IuahT #HvA & forg Suged 31
Faq™ S H RCCI 39 SHYUH § IR Uga fe=msif &1 3R v fosan |

T Ugd, gd-fsur & fore w1 R $47 (Taiiu®) & U # eH, I9g I,
3R fAoid 38T Ud WRigpd TS Usda & fou SeTd &) I Hied 3o (TeRiw)
& ¥ T AT 7| STRID JUBRUN 3R G5 e [ahid g 1T 3| Taeies SHelt
fRRERY (ES), 39 oS 3R fAfire S SoaRM IHT (05,) TR TN fbT U] Tl
T ST (EGR) T HTTIHAT I F9 & a4 ES B TGTel & 1T 60% SR TG
SR & foT 70% b Tifid @ T 33T & 1T, 0% 9 50% S0 & forg v
TR fopT 7T | FRAIeH-Sioid RCCI % fRTT 051 10°CA bTDC ¥ 25°CA bTDC T e T

T SR &1 HH o aT=ierdT &1 BTGl ST T GT s I 12 °CA bTDC ¥ 27
°CA bTDC & s UIST 3 fooa 1| €919 s HiF ghiacd URR (BMEP) 0.953 IR I
4.271 IR & §d Y| TS GRomH! = g3ima i for Tariies S g®ier! § gia 3
3T 3R TG GHT 0501 O OTT NO, 3R HIfeRa Sotorq § U RTAC TS | §Tetifas, TG 0o
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& fore, I Ispia ey 31 e qarar # deit § FRmae ¢t 718, foras Taeius Sof
TR ) Hut T ferd &) 7| 3T 31aATaT, A Ufafhariied Taiud oF 99G
RN A I oY I Ufdfshar=ierar Tl &t gal | Ha 0s; IR SR aeb i
T 1 U= foran| gretifs, S 050 3T B TR W SN &1 Tauh & =4
# o1 gfafsariadr &1 fomT it s AT & SR AHSRI urn T[T $H5
fauRid, el # Beob AT aTal weur faars 3| 33t avg, W S0 UR |, I5<
RN A RCCI HTS B TIe &1 ga1 H i daehig et foar | Tekiie® &1 &8
TfaforaTiadT SolleiR 1 STa=gadl & o1 RCCl 39! & Als 39 fawR &t fezn o
3IHd U 5 | TR Seqg=i 7 Sifidad RCCI A1Y & ol T 3¥ay SR fde!
TR B B AMaWHdT BT Ybd fean| RIS e & T e Ml
TENRYH (S10) TR TgSe=AT S foba i T

T SN bl IUTNT Taférd fRrefor snemid HHE| et Aeds (@UuE) &1
SUANT 9k I N1 Wifes AMfed faewfid o= & forw far man1 seed &

3T BT NO, Fbfad H1ed GHTE! TG (COVimer) 3R T G&IAT (1eoms) 1 T T
Ul A1 TS Ughidl & Udhed & e TuuAe IRefifies AmfEt @t A
Ao TS T | ST UG dg3eRd1g 3o ad, Siiddd Sl [GRIGR! SUdNT
3R 3ifrmaH GaTd g X IS & SMYR W, SFAH 0so T & [ TAHTE &

¥U T 20°CA bTDC 3R TG TR & T 22 °CA bTDC AT Tl RCCI HIS H
T Fd STAH 05 TR IS TaTa- & Y, IUgad Solt 2Rt &1 off Tara foean

7| 3id H, RCCl TR Sel Bl SUIRT &g+ GHIWT & RCCI $o4 Fa7107 ST daiferd
B & foru d Td= T U A fasRid fau ared o feerg-, faer 3k utermr
& for foan o | uga fevn Aisa ® U Y HiA @i snenfid siw-siay efdeio
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M U7 gERT =0 Afga Uiiferd aefese o (3RuW) A=A @i ofk TaueT
3T the U EH Wi SuTid Jgdsy, 3R ARy T4 31 Aigd & Thipd
B ARy fobar mar| iRt Fdaur disd g8 Afced & Sird SR =sbia e
gl 1 T HidwETol B & o U U Sae A BRI (S1-8sy) 3R
3RUG AR w1 I firciieny fasbRid fbam man| fUsa & e died &1 Hw: U-
Sio TS R oid-ghe-aiay gRfos Alsd & ¥ § A1ha fobar a1 @t &=
=01 Aied &1 Ui Iexa 9aid fufd IR ik 33-Ricer gg Afeay siufa, die
TR (@i, SMEuHsdl, THAISIRSIR, <8 Pl TI3HTd & oIl b W (6soc), 50% HI
TR & (0s0) TR & AT (0sp) TS 1 HiTS@Tuft 3T Ul Fd=0T Hise &t Th
SEeR IS Hg-arel &HdT RCCl SO 8 He Tl 37-Riciex YR SHRT Biedd a0
& QA% &1 ARTd aTen Aisd Haferd a0 fdeed UaH o 9ol 5|

S-S Hisd & URUIMHT & -0.0465+1.664 SR, 0.00056+0.222 SR, -0.0001+0.2263
IR/°HIT, -0.0071+0.68°NT, -0.0217+1.07°HTT 3fR -0.0346+2.14°TT T Ffe ATeq 3R
a9 faaa HaR: T TS, THRSRSMR, s, 050 3R 0gp B HiTQTORT &

T NI ot RCCl & UraT 7| a1 gIefoe Aled o folt 719 0.3633+1.76 SR,

-0.0239+0.22 SR, 0.0069+0.27 §R/° T, 0.0554+0.71 °HIT, -0.0848+1.14 °HT 3R

0.0180+1.93 °IT 3 A T ¥ | f-Jhe-aia B5iss Aled & oI, A 0.1283+1.94

SR, -0.0004+0.28 SR, 0.0043+0.23 SR/°YIT, 0.0460+0.67 °HIT, 0.0103+1.05 °HT 3R

0.0477+2.16°TT WR T| I HH & IWRIGd gg Hiead | 3-Thg-die gTsfors Hiaw

HEaTdl Hisd B Tt fFd Yaga=iiadT sidh-aied Aisd & 1Y Ja-1g uTs s |

TG IA-SId RCCI Tamad & forg +ft 33t aRe & S 3@ |
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