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ABSTRACT: Recently, low-temperature combustion methods have become very popular in the field
of combustion. Reactivity controlled compression ignition is a novel combustion concept with its own
advantages. The role of these engines in rectifying the disadvantages of other methods is inevitable. This  Revised: 2019-08-04

paper studies the influence of using various types of syngas on combustion and emission characteristics ~ Accepted: 2019-09-02

of syngas/diesel reactivity controlled compression ignition engine using Converge CFD. Four types of ~ Available Online: 2019-10-04

syngas (ideal syngas composed of solely hydrogen and carbon monoxide, two different types of syngases

produced by gasifiers and pure hydrogen) are selected for comparison. Results showed the possibility  Keywords:

of using various forms of syngases as low reactivity fuel. Using these kinds of syngases compared with RCCI engine

ideal one results in fewer nitrogen oxides at the expense of more soot and it gets worse by increasing .

. . . . s . . . Low temperature combustion
the fraction of syngas in premixed air. It shouldn’t be ignored, due to the presence of nitrogen in some )
types, the engine may suffer from weak combustion and sometimes misfire at low loads as well. Using Pollution
pure hydrogen, despite its advantages as the main part of syngas, in high quantities, notwithstanding the = Syngas

significant reduction of soot, causes the increase of nitrogen oxides and pressure rise rate amounts which

are not desirable.

1. INTRODUCTION

Nowadays, highly premixed compression ignition
strategies have been offered by many researchers to decrease
the heterogeneous combustion of fuels. Most of these
strategies classified into the Low-Temperature Combustion
(LTC) category [1]. The LTC combustion strategy includes
Homogeneous Charge Compression Ignition (HCCI),
Premixed Charge Compression Ignition (PCCI), and
Reactivity Controlled Compression Ignition (RCCI) engines.
In contrast with HCCI and PCCI, having control over the
combustion phasing is an achievement of the RCCI strategy
to reach high efficiency.

Kokjohn et al. [2, 3], showed that a high level of control
over combustion could be achieved by the use of two fuels
with different reactivity and blending them inside the cylinder.
In their approach, named reactivity controlled compression
ignition, a low reactivity fuel (i.e. gasoline) is premixed with
air before entering the combustion chamber and a second fuel
which has higher reactivity (i.e. diesel) is directly injected
through injectors. Combustion phasing is controlled by the
ratio of the two fuels and combustion duration is controlled
by in-cylinder stratification of ignition delay.

In recent years, a substantial amount of attention has been
devoted to syngas as a low reactivity fuel. Due to various
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production techniques, various compositions of syngas are
available. It is mainly contained of hydrogen (H,), carbon
monoxide (CO), some methane (CH,), carbon dioxide (CO,)
and sometimes a large amount of nitrogen (N,) or steam
(H,0). Chuahy et al. [4] used an RCCI engine to investigate
the combustion of reformed fuel (containing CO and H,).
The results of this study showed that reformed fuel RCCI
combustion is conceivable over a wide range of H,/CO ratios.
They also indicated replacing CO with H2 resulted in a more
reactive charge, decreased the combustion duration, and
suppressed low-temperature heat release.

Reviewing the literature, it can be observed that there has
been no research in which the actual syngas obtained from
various methods of reforming or gasification, is used as the
second fuel with low reactivity in RCCI engines to assess
the conclusions. Most of the researchers assume just the first
two species (H, and CO) and use ideal (simulated) syngas
instead of the actual ones by neglecting the other species.
The present study is conducted to numerically evaluate the
potential of using various types of syngases and their impacts
on combustion and emission characteristics in a syngas-diesel
RCCI engine using computational fluid dynamics modeling.
Two types of syngas accompanied with pure hydrogen are
selected for comparison with the ideal syngas comprised
solely of hydrogen and carbon monoxide. For all cases, a
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premixed substitution ratio sweep at constant fuel energy
is utilized to appraise their effects on the performance and
emissions characteristics of the engine.

2. METHODOLOGY

The engine used throughout this study is a Caterpillar 3401
Single Cylinder Oil Test Engine (SCOTE). The engine has a
bore of 137.2 mm and a displacement of 2.44 | and is typical
of a heavy-duty size-class diesel engine [4]. The combustion
computational modeling employed for the simulation of this
study is performed by Converge version 2.3.5. A detailed list
of the sub-models used in Converge is shown in Table 1. Table
2 shows a summary of the test conditions for simulations as
well.

The direct-injected fuel’s physical and chemical properties
were specified by Tetradecane (C H,) and n-heptane
respectively. The results were obtained using a reduced
multi-fuel mechanism with 178 species and 758 reactions
developed by Ren [5]. Closed-Cycle calculations on sector
grids that have periodic boundaries were performed. Since
the direct injector has seven evenly holes, the geometry of a
sector with 51.42 degrees was created. An equivalence ratio
of 0.43 was chosen for diesel-syngas RCCI operation with
substitutions from 20% to 60% by energy.

3. RESULTS AND DISCUSSIONS

Actual Syngases, as well as a mixture of H, and CO, seem
to be a promising candidate for low reactivity fuel in RCCI
engines. Thus, in this section, the same tests similar to the
validation part have been conducted with two different types
of syngases obtained through gasification processes [6]. For
more assessment, these tests have been conducted with pure
hydrogen as well. These fuels and their compositions selected
for comparison with the simulated syngas which is consist of
only H, and CO are listed in Table 3.

Fig. 1 illustrates the cylinder pressure and heat release rate
over a range of syngas substitution quantities for all fuel cases.
Fig. 2 indicates the number of emissions for all scenarios.

Table 1. Sub-models used in CONVERGE simulations

Physical Phenomenon Model
Spray Breakup KH-RT Instability
Vaporization Frossling Correlation
Turbulence RNG k-¢
Droplet Collision No Time Counter (NTC)
Droplet drag Taylor Analogy Breakup (TAB)
Wall film formation O’Rourkes Model
Combustion SAGE

Table 2. Engine operating conditions

Parameter Diesel/Syngas
Engine Speed [rpm] 1300
Start of Injection [ bTDC] 10

Substitution Ratio [% energy]

20%, 40%, 60%

Fuel Energy [J/cycle]

5100

Table 3. Low reactivity fuel components
(all units are in vol. %) 34

Fuel 1 Fuel 11 Fuel 111 Fuel TV
Ideal Actual Actual Hvdroeen
Syngas Syngas Syngas yarog
H> 50 5.10 38.10 100
CO 50 13.40 28.10 -
CHg4 - 1.80 8.60 -
CO2 - 22.00 22.20 -
No - 57.70 - -
C2H4 - - 3.00 -
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Fig. 1. Cylinder pressure and heat release rate for (a) syngas =
20%, (b) syngas = 40% and (c) syngas = 60%

As it was expected, substituting part of diesel with syngas
in premixed form causes the soot reduction due to better
mixing and reduction of local rich areas as well. Compared
to the ideal one, the other two types of actual syngases cause
a less reduction in soot emission. This is due to the existence
of other species in syngas like carbon dioxide and nitrogen
which decrease the oxygen amount in premixed air. This lack
of oxygen prevents the fuels from the complete burning and
is the reason for lower volumetric efficiencies. Compared to
these reasons, the effect of the presence of other combustible
species like CH, and C,H, in soot formation shouldn’t be
ignored. Generally, the effect of premixing is dominant
compared to the lack of oxygen. However, it is not true for
fuel II in 60% substitution case.

On the other hand, due to the reduction of local maximum
temperature during the combustion process, NOx formation
decreases. Since nitrogen occupies the majority of syngas
volume in fuel I, the maximum pressure for this fuel in all
scenarios is lower than the other three ones. In this regard,
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Fig. 2. The trend of emissions (a) Soot, (b) NOx

NOx in Fuel II has the lowest amount among the other fuels.
Conditions operating with fuel II lead to a steeper decrease in
NOx emissions due to the decreased stratification. Decreased
stratification leads to NOx emission reduction by both
reducing local equivalence ratio and flame temperature and
retarding combustion phasing.

Fuel 1V, Due to its higher flame speed, has a congruent
effect on temperature and combustion efficiency. The higher
amount of NOx and lower amounts of soot are the results
of this intrinsic feature. If the amount of hydrogen in either
syngas or by the use of fuel IV passes a specified amount,
an explosion in the combustion chamber will occur shortly
after TDC. This matter can be easily realized in 60%
substitution case for fuel IV. Accordingly, although fuels
with more hydrogen are better candidates as low reactivity

fuel because of their higher heating values which cause the
volumetric efficiency remains nearly constant and their low
soot emissions, high amounts of NOx and peak pressure rise
rates are serious obstacles in use of these fuels.

4. CONCLUSIONS
A numerical analysis has been conducted to analyze the

impact of syngas (obtained by gasification) compared to

ideal syngas (contains carbon monoxide and hydrogen) on
the performance and exhaust emissions characteristics of

a syngas-diesel RCCI engine while the energy amount per

cycle is constant. The major conclusions are as follows:

1) Peak pressure rise rate and max local temperatures
increase significantly with increasing the amount of H,
in fuel. More NO_ while less soot, are obtained for this
reason. However, a hydrogen-rich mixture is favorable
for boosting combustion efficiency.

2) The presence of N2 in syngas composition forces the
temperatures to be decreased. Thus, less NOx is achieved
by the fuels with nitrogen in their composition.

3) It is expected that the engine may suffer from achieving
a stable state at low loads using fuel II due to very low
volumetric and thermal efficiencies.

4) The results indicate that the syngas with a low amount of
nitrogen and a sufficient amount of hydrogen could be a
promising candidate for application as the low reactivity
fuel in RCCI engines.
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1 Exhaust Gas Recirculation (EGR)
2 Reactivity Controlled Compression Ignition (RCCI)
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Table 1. Caterpillar 3401 single cylinder engine specifications [26]
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1 Single Cylinder Oil Test Engine (SCOTE)
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Table 2. Injector specifications [26]
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Table 3. Engine operating conditions [26]
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1 Port fuel injection
2 Converge CFD
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Table 4. Sub-models used in CONVERGE simulations
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Fig. 5. NOx and soot emissions charts

3000

2500

2000

1500

W ind (J)

1000
500

0

0% 10% 20% 30%

Syngas Mass %

40% 50% 60%

—@—— Ideal Syngas -~k Fuel2 — - - - Fuel3 — -B - — Fuel4

Sl )l 7 S
Fig. 6. Indicated work

3979 JJs 4 p9d g9 S g undls s o 3l il aladone (slod
Sl fhe alhiss Jlad ain JalS )0 093 oS5 50 (ie
OIF e S o bl it o ;3 o iy en oS
G B L anlin 0 (g opl Glpal o a5 cails bl
00,5 (5 yme (s S5 B 05y walss 5l gyt ooy« Jlows]
g 4l lals akiss anio slos lml 6 ol Gige 4 L

45 2l dzr i Wb (S oo Sl (57T 035 SlasenS]



Yo B WY asio AFre Jlo ) ojleds @Y 093 (S ol Sl cwines 4y i

O390R e 47 0 a5 el 003 5 adiie g 0dd (g
0393 Olyee WAl flioy pod CSgm 10 (0)S dSgige 4 Cunnd
pelo> s5i5e (2o, 50 1) SYL 0395 GaeST polie 5 yeS
Lasgy ool adgi (63w B gl oolainl jso o B, 5l
Sols3 (S 5 W EBge e (Sl U5l 5 Jgene slo b,
YL Jseme 0 51 0T 35 psep Olie 5 035 (35 w3 a5 o
5 5l Pl o153 oz oal (2alST e Sl i 4 bl

el 2ald |y 638l (5l 003l

Ble o

07 (SIS S D
053 ($9,° &5 €
m &gS 0%y Il hm
oWl) o po k

HLad o

Loo T

k.AC)-wJ u

)ls W

m d‘j; [l )““S m
U e

O g Oij

&= p

OeFR)

&Pl ind
&=y

[1] V. Chintala, K. Subramanian, CFD analysis on effect
of localized in-cylinder temperature on nitric oxide
(NO) emission in a compression ignition engine under
hydrogen-diesel dual-fuel mode, Energy, -470 (2016) 116
488

[2] R. Stone, Introduction to internal combustion engines
(1999).

[3] T.V. Johnson, Review of diesel emissions and control,
International Journal of Engine Research, (2009) (5)10
.285-275

[4] N.R. Walker, ED.F. Chuahy, R.D. Reitz, Comparison of
Diesel Pilot Ignition (DPI) and Reactivity Controlled

Yy

Sl G550 oo Vb Jdo 4 alls (g 00 Sl o aas 18
DS gz 03k pRalS S plo b (W3 50 (500
309 0990 i oy 5eS 9 (6,830l IS o o 1 cll o |y cdl
&S S Ol 2alS wuls 550 (sgu ..x;:_élsa ol el ol o
pg).._i.v o;béla).u ‘) CA}'}.A.AJ)Q
) e 35 Oyl ilwlil £ g s glaloges 0 o)y
59 oSt iuldl g ced iluie (pl 092y b aS ol 4SS
aS 5,5 hgel 8 |, 4SS ol s i 5 eauob | Jlad lidl #4
Jad a8 ce¥l (5,08 4 als (ig 0 D o JLid Rl 2
o] Sl 5 03 3 YU Sl Be VY (sl o035 B 1y S oo 3o
5Bl o Lo 1y jloral slas 5w sl g 5390 Dladad 4y il
Ol & (gl Sl (Kianly bgloee S5 55 (39,000 51 )18, &8ls
BRI W I [PORK S LU e Gl aas cplogls belse o Q]
L3, ash o, solasnl )1 sblse Olgi g0 Lead 45 05, 51,8 0> S
a3 Cnlpls S e azlse PLSIL L j5ige 3,515 (] aigS niil
YW WS ST EoW 3 S 5 o g bl a0 I
o g5 oo gy S5 Jloasl cuS 5 ! 5l eolital o g0 o 00
S L oo Gl 2Ty S oS5 Sl ssise s
e &jgo a palls ()5 S gige 5 (9,00 (395 ]8Il
CS g e o0l 1) oy oo a5 4y 1y ai 30 g JSCie (o2 )
S3k5 wiile Jghie 5 calize (slo g, Jawgd oads adgl (53

loion i o |y 5o cnl (oS Ty J 58 (o515 JUidl sl ygige 5

S 5 s -
g i s (6 i 3 Gl LS 5 b ol Alie o
S35 2 SNy 58 ooST5 sl sloygige po asuul i
ool.o.a.m‘laod.o] Cowdo c’l.\.)ssw)f s)955.o .))S.LA.CBLQOMYT u‘).o.A
oolatl b jgige el 00l (6,105 azs 8 Slual ;0 39290 gl
A ) (G B @l Ol 5) glae St g £45 4
argi b) Gy B L Jno iRl aepn Feog B Y Gl
Glwacd o Sl (a5 > Sy S g IS (6550 aile ol
2 Jyere Jmo g9 4 Cod (23S S oS5 il j5ige

IPF A (699,9 G B S F 50 s b e pSS Ll b



Yo UV axio M- JL.J A D)LQ.JS LY 0,93 ‘)..S)ml t.i.u&n L;»A...Q(c :b).uu

.208-194 (2011)

[15] V. Manente, B. Johansson, P. Tunestal, W.J. Cannella,
Influence of inlet pressure, EGR, combustion phasing,
speed and pilot ratio on high load gasoline partially
premixed combustion, 7191-0148, SAE Technical Paper,
2010

[16] S .Ma, Z. Zheng, H. Liu, Q. Zhang, M. Yao, Experimental
investigation of the effects of diesel injection strategy on
gasoline/diesel dual-fuel combustion, Applied Energy,
.212-202 (2013) 109

[17] M. Yao, Z. Zheng, B. Zhang, Z. Chen, The effect of PRF
fuel octane number on HCCI operation, 7191-0148, SAE
Technical Paper, .2004

[18] PW. Bessonette, C.H. Schleyer, K.P. Duffy, W.L. Hardy,
M.P. Liechty, Effects of fuel property changes on heavy-
duty HCCI combustion, 7191-0148, SAE Technical paper,
.2007

[19] S.L .Kokjohn, R.M. Hanson, D.A. Splitter, R.D. Reitz,
Experiments and modeling of dual-fuel HCCI and
PCCI combustion using in-cylinder fuel blending, SAE
International Journal of Engines, .39-24 (2010) (2)2

[20] S.L. Kokjohn, R.M. Hanson, D. Splitter, R. Reitz, Fuel
reactivity controlled compression ignition (RCCI): a
pathway to controlled high-efficiency clean combustion,
International Journal of Engine Research, (2011) (3)12
.226-209

[21] R.D. Reitz, R.M. Hanson, D.A. Splitter, S.L. Kokjohn,
Engine combustion control via fuel reactivity stratification,
Sandia National Lab.(SNL-NM), Albuquerque, NM
(United States), .2016

[22] D. Splitter, M. Wissink, T. Hendricks, J. Ghandhi, R.
Reitz, Comparison of RCCI, HCCI, and CDC operation
from low to full load, in :THIESEL 2012 conference on
thermo-and fluid dynamic processes in direct injection
engines, .2012

[23] A.B. Dempsey, N.R. Walker, R. Reitz, Effect of cetane
improvers on gasoline, ethanol, and methanol reactivity
and the implications for RCCI combustion, SAE
International Journal of Fuels and Lubricants, (2013) (1)6

.187-170

Compression Ignition (RCCI) in a Heavy-Duty Engine,
in: ASME 2015 Internal Combustion Engine Division Fall
Technical Conference, .2015

[5] R. Stephen, Turns. An introduction to combustion:
concepts and applications, Mechanical Engineering Series.
McGraw Hill, (.(2000

[6] D. Kim, I. Ekoto, W.E Colban, P.C. Miles, In-cylinder CO
and UHC imaging in a light-duty diesel engine during
PPCI low-temperature combustion, SAE International
Journal of Fuels and Lubricants, .956-933 (2009) (1)1

[7] S.L. Kokjohn, R.D. Reitz, Investigation of the roles of
flame propagation, turbulent mixing, and volumetric
heat release in conventional and low temperature diesel
combustion, Journal of Engineering for Gas Turbines and
Power, .102805 (2011) (10)133

[8] H .Zhao, HCCI and CAI engines for the automotive
industry, Elsevier, .2007

[9] A.B. Dempsey, N.R. Walker, E. Gingrich, R.D. Reitz,
Comparison of low temperature combustion strategies
for advanced compression ignition engines with a focus
on controllability ,Combustion Science and Technology,
241-210 (2014) (2)186

[10] V. Manente, B. Johansson, P. Tunestal, Partially premixed
combustion at high load using gasoline and ethanol, a
comparison with diesel, 7191-0148, SAE Technical Paper,
.2009

[11] D. Splitter ,R. Hanson, S. Kokjohn, R. Reitz, Improving
engine performance by optimizing fuel reactivity with a
dual fuel PCCI strategy, gen (NOx), .9 (2010) 8

[12] G.T. Kalghatgi, P. Risberg, H.-E. Angstrém, Advantages
of fuels with high resistance to auto-ignition in late-
injection, low-temperature, compression  ignition
combustion, 7191-0148, SAE Technical Paper, .2006

[13]].E. Dec, Y. Yang, N. Dronniou, Boosted HCCI-controlling
pressure-rise rates for performance improvements using
partial fuel stratification with conventional gasoline, SAE
International Journal of Engines, .1189-1169 (2011) (1)4

[14] V. Manente, B. Johansson, W. Cannella, Gasoline partially
premixed combustion, the future of internal combustion

engines?, International Journal of Engine Research, (12)3

YA



Yo B WY asio AFre Jlo ) ojleds @Y 093 (S ol Sl cwines 4y i

Computational optimization of fuel supply, syngas
composition, and intake conditions for a syngas/diesel
RCCI engine, Fuel, .134-120 (2018) 234

[30] M. Mansoury, S. Jafarmadar, S. Khalilarya, Energetic and
exergetic assessment of a two-stage Organic Rankine Cycle
with reactivity controlled compression ignition engine as
a low temperature heat source, Energy conversion and
management, 232-215 (2018) 166.

[31] M. Nazemian, E. Neshat, RK. Saray, Effects of piston
geometry and injection strategy on the capacity
improvement of waste heat recovery from RCCI engines
utilizing DOE method, Applied Thermal Engineering, 152
.66-52 (2019)

[32] S. Ren, S.L .Kokjohn, Z. Wang, H. Liu, B. Wang, ]. Wang, A
multi-component wide distillation fuel (covering gasoline,
jet fuel and diesel fuel) mechanism for combustion and
PAH prediction, Fuel, .468-447 (2017) 208

[33] PS.P. Corréa Jr, J. Zhang, E.E.S. Lora, R.V .Andrade,
L.R.dM. e Pinto, A. Ratner, Experimental study on
applying biomass-derived syngas in a microturbine,

Applied Thermal Engineering, .337-328 (2019) 146

[24] D.E. Nieman, A.B. Dempsey, R.D. Reitz, Heavy-duty
RCCI operation using natural gas and diesel, SAE
International Journal of Engines, .285-270 (2012) (2)5

[25] J. Benajes, S. Molina, A. Garcia, ]. Monsalve-Serrano,
Effects of direct injection timing and blending ratio on
RCCI combustion with different low reactivity fuels,
Energy Conversion and Management, -193 (2015) 99
209

[26] ED. Chuahy, S.L. Kokjohn, High efficiency dual-fuel
combustion through thermochemical recovery and diesel
reforming, Applied energy, .522-503 (2017) 195

[27] P. Rahnama, A. Paykani, V. Bordbar, R.D. Reitz, A
numerical study of the effects of reformer gas composition
on the combustion and emission characteristics of a
natural gas/diesel RCCI engine enriched with reformer
gas, Fuel, .753-742 (2017) 209

(28] ED.E Chuahy, S. Kokjohn, System and Second Law
Analysis of the Effects of Reformed Fuel Composition
in “Single” Fuel RCCI Combustion, SAE International
Journal of Engines, .878-861 (2018) (0264-01-2018)11

[29] Z. Xu, M. Jia, Y. Li, Y. Chang, G. Xu, L. Xu, X. Lu,

Amirkabir J. Mech Eng., 53(1) (2021) 17-30.
DOI: 10.22060/mej.2019.15909.6228

N. Kousheshi, M. Yari, A. Saberi Mehr, Investigation of performance and emission characteristic
of a RCCI Engine fueled by mixture of Diesel and syngas derived from biomass gasification,

20 gl sl Ao (9] & 595

Y4






