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Based on the theory of direct relation graph (DRG) and sensitivity analysis (SA), a reduced mechanism for diesel-
CH4-H2 tri-fuel is constructed. The detailed mechanism of Lawrence Livermore National Laboratory, which has 
654 elements and 2827 elementary reactions, is used for mechanism reduction with DRG. Some small thresholds 
are used in the process of simplifying the detailed mechanism via DRG, and a skeletal mechanism of 266 ele-
ments is obtained. Based on the framework of the skeletal mechanism, the time-consuming approach of sensitivity 
analysis is used for further simplifi cation, and the skeletal mechanism is reduced to 262 elements. Validation of the 
reduced mechanism is done via a comparison of ignition delay time and laminar fl ame speed from the calculation 
using the reduced mechanism and the detailed mechanism or experiment. The reduced mechanism shows good 
agreement with the detailed mechanism and with related experimental data.
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INTRODUCTION

                                    As the energy crisis and environmental problems be-
come more serious, environmental protection awareness 
from all walks of life at home and abroad continues 
to increase. “Clean, Low-carbon, Safe, and Effi cient” 
energy reforms have become a general trend. The ex-
ploration of lower-emission engines has become a topic 
of concern. This is because although the diesel-natural 
gas dual-fuel engine has been applied in many fi elds, 
it is not perfect in terms of power and environmental 
protection. Hydrogen is a pollution-free fuel and has 
a very good burning rate. Therefore, adding hydrogen to 
the engine to form a diesel-natural gas-hydrogen tri-fuel 
engine has become a research hotspot to obtain better 
power and environmental protection. Especially for large 
engines, such as ships and heavy trucks, the research in 
this direction is more signifi cant.

In a tri-fuel engine, hydrogen is used as a mixed gas 
(hydrogen and natural gas), which is injected into the 
air inlet of the engine and mixed with air before it is 
injected into the cylinder. Combustion in the cylinder 
of the engine with the mixed gas (hydrogen and natural 
gas) involved is shown in Figure 1. 

The characteristics of hydrogen (H2) include a fast 
burning rate, less ignition energy, and no carbon, and 
it is recognized as a clean fuel. Therefore, for gasoline 
and diesel engines, the blending in a certain amount of 
hydrogen can effectively improve the combustion per-
formance in the cylinder1, 2. In particular, using natural 
gas as a fuel has a more obvious improvement effect on 
engines. In addition, the intake amount of air decreases 
because of the added mixed gas, and mixed gas releases 
heat during combustion; this increases the in-cylinder 
temperature of the engine that has the added mixed 
gas. Because the formation of nitrogen oxides is closely 
related to the in-cylinder temperature, higher in-cylinder 
temperature leads to more emissions of nitrogen oxides, 
and the addition of mixed gas increases the emissions of 
nitrogen oxides from the engine according to a higher 
temperature3. Therefore, it is useful for the engine if 
a certain amount of hydrogen is added when the air is 

not fully consumed or when the engine works at part 
load. In some studies, the upper limit of the hydrogen 
energy fraction of the mixed gas added to the internal 
combustion engine can achieve to 19%4.

Because of the addition of hydrogenated natural gas 
in the intake air, the injection of liquid fuel greatly im-
proves the performance of combustion in the cylinder 
and increases the effi ciency of tri-fuel combustion. These 
factors then shorten the duration of combustion in the 
cylinder and cause the fuel to be consumed more fully; 
moreover, they decrease the possibility of misfi re in 
the cylinder. All of these factors signifi cantly improve 
combustion effi ciency and reduce the emissions of the 
engine5, 6. 

Hydrogen can easily ignite spontaneously. At the 
stoichiometric ratio, the ignition energy for hydrogen 
in air is only 0.02 mJ, whereas it is 0.29 mJ for natural 
gas and 0.24 mJ for gasoline7. The quenching distance 
of hydrogen is much lower than that of natural gas and 
gasoline, and the relevant data for hydrogen, natural 
gas, and gasoline are 0.064 cm, 0.203 cm, and 0.2 cm 
respectively8. Therefore, using hydrogen in engines has 
some problems. For example, a small high-temperature 
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Figure 1. Schematic diagram of combustion in the cylinder
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spot can ignite hydrogen; moreover, a high-temperature 
spot in the residual gas in the cylinder can sometimes 
ignite the hydrogen-air mixture. This results in backfi ring 
and the consumption of air in the inlet pipe, and then 
the engine misfi res. Although hydrogen has a very high 
calorifi c value per unit weight, its calorifi c value per unit 
volume is much lower than those of natural gas and 
gasoline, and its calorifi c value is only one-third that 
of natural gas and one-twentieth that of gasoline. This 
decreases the effi ciency per unit volume of the engine. 
In addition, the price of hydrogen is relatively high. In 
applications, mixing hydrogen and natural gas as a mixed 
gas fuel is a good solution to these problems.

To simulate a diesel-natural gas-hydrogen tri-fuel en-
gine, a suitable reaction mechanism is needed. Although 
there are already many reduced reaction mechanisms 
for n-heptane, these mechanisms are basically based 
on n-heptane itself, and there are very few reduced 
mechanisms that take into account the effect of added 
hydrogenated natural gas9. Based on this, we developed 
a reduced mechanism using the detailed mechanism 
of Lawrence Livermore National Laboratory (LLNL), 
which consists of 654 species and 2827-step elementary 
reactions. The size of this detailed mechanism is too big 
for a three-dimensional simulation.

CONSTRUCTION OF THE REDUCED MECHANISM 
FOR DIESEL-CH4-H2 TRI-FUEL

There are many methods for reducing the reaction 
mechanism. These methods have mainly been develo-
ped with the following characteristics: sensitivity, matrix 
analysis, reaction rate analysis, reaction path analysis, 
error, and changes in entropy production. The specifi c 
algorithms include the direct relation graph (DRG), path 
fl ux analysis (PFA), quasi-steady-state approximation 
(QSSA), computational singular perturbation (CSP), iso-
mer lumping, sensitivity analysis, and recently developed 
procedures that are based on algorithmic optimization, 
such as artifi cial neural networks. 

The CSP algorithm for mechanism reduction is a purely 
mathematical theory. This algorithm was fi rst raised by 
Lam and Goussis10. They extracted time information 
through analyzing and processing the Jacobian matrix 
and solved the problem of the system’s rigidity by using 
relevant theories. It can be used to analyze the unim-
portant materials and reactions in a mechanism. Lu and 
Law et al.11 found that CSP can be used to determine 
the quasi-steady-state elements in a rapid equilibrium 
reaction and also the non-quasi-steady-state elements 
that have little effect on the target. Goussis et al.12 
developed a reduced mechanism for the formation of 
NOx in a premixed methane air fl ame. There are many 
other researchers, such as Trevino, Solorio, Mendez, and 
Garcia13, 14, who have developed reduced mechanisms 
based on the ignition process using the CSP method. 

DRG was fi rst proposed by Lu and Law et al.15, 16. 
The basic idea of this method is to propose some target 
elements that researchers are interested in and to deter-
mine how these elements are related to other elements 
in the mechanism. Then, the reduced mechanism can be 
obtained by gradually deleting the elements step-by-step 
according to the relationship.

The relationship between element i and j can be cal-
culated using the following formula:

 (1)

In equation (1), C(i,j) represents the reaction that 
contains both substances i and j. Via represents the 
coeffi cient of element i in reaction a, ra represents the 
reaction rate, and R(i) represents all of the reactions 
involved in element i.

Many scholars have reduced the mechanism using the 
DRG algorithm. For example, Luo et al.17 developed 
a reduced mechanism for methane/ethane dual-fuel. San-
karan et al.18 studied the fl ame structure of methane using 
a Bunsen burner and developed a reduced mechanism of 
methane. Luo et al.19 developed a reduced mechanism 
for n-dodecane, and Luo et al.20 developed a reduced 
mechanism for biodiesel using the DRG algorithm. 

The DRG algorithm is very fast, about tens to hundreds 
of times that of SA. Therefore, it can be used for large 
mechanisms for the fi rst step of reducing the mechanism 
by quickly removing unimportant elements. Tosatto et 
al.21 compared various DRG-based algorithms. 

The DRG algorithm16, 22 can be used to reduce the 
n-heptane detailed mechanism of Lawrence Livermore 
National Laboratory. The HCCI engine model in the 
Chemkin software was adopted for the simulation. Be-
cause of the effect of adding hydrogenated natural gas, 
the content of natural gas, hydrogen, and diesel was 
set according to the operation conditions of a diesel 
engine. The molar ratio of mixed gas to diesel is 1:9; 
the equivalence ratio is 0.3; the speed of the engine is 
1500 rpm; and n-C7H16, CH4, H2, CO, CO2, O2, N2, and 
the H radical are used as the initial-searching elements 
of the DRG algorithm. Studies found that the reduced 
mechanism that is obtained via repeated reductions with 
some smaller threshold value is more accurate than the 
one that is obtained via only one reduction with a large 
threshold value. The threshold value is generally set 
according to the experience of the author. To maintain 
the accuracy of the reduced mechanism, the in-cylinder 
pressure with the detailed mechanism of the HCCI engine 
can be used as the criterion for the developed reduced 
mechanism. Also, if the deviation of the pressure is set 
to be no more than a certain value, then mechanisms 
of different sizes can be obtained. 

The defi nition of deviation is as follows: 

 (2)

In equation (2), R is the set relative error and A is 
the set absolute error. If the value calculated using 
equation (2) is less than 1, then it is considered that 
the set error is satisfi ed.

The procedure for reducing the mechanism is described 
below, using the relative error of the in-cylinder pressure, 
which is no more than 30%, as an example. (There are 
290 sample points, each of which satisfi es the requirement 
of the pre-set deviation.) The detailed mechanism used 
for reduction is the detailed mechanism of the Lawrence 
Livermore National Laboratory, containing 654 elements 
and 2827 elementary reactions. With a threshold value of 
0.1, a reduced mechanism with 328 elements and 1614 
reactions is obtained. Then, if the requirements of the 
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threshold value can be satisfi ed after verifi cation, the 
reduction procedure should continue. Next, a threshold 
value of 0.1 is used, and a reduced mechanism with 
326 elements and 1598 reactions is obtained. Then, if 
the pressure requirements are satisfi ed, the reduction 
should continue. Then, a threshold value 0.15 is used, 
and a reduced mechanism with 240 elements and 1171 
reactions is obtained. Then, the pressure requirements 
cannot be satisfi ed after verifi cation, a smaller threshold 
value of 0.125 should be used to continuously reduce 
the mechanism with 326 species. From this, a reduced 
mechanism with 266 elements and 1278 reactions is 
obtained. Then, if the requirements of the threshold 
value are satisfi ed after verifi cation, then the reduction 
should continue using a much smaller threshold value 
of 0.125; a reduced mechanism with 264 elements and 
1251 reactions is obtained. Following these, the pressure 
requirements cannot be satisfi ed after verifi cation, the 
number of elements of the two reduced mechanisms 
that are obtained in the end are very close (266 and 264 
elements); thus, the DRG algorithm stops.

Because of the strong connection between some ele-
ments, these elements are deleted or retained at the 
same time while using the DRG algorithm to reduce 
the mechanism. However, for a given simulation target, 
only some of the retained elements affect the simulation 
target, and the other elements can be deleted. In such 
a case, the reaction mechanism can be continuously re-
duced using sensitivity analysis after it is reduced using 
the DRG algorithm. Sensitivity analysis reduces the 
mechanism by removing elements one by one. Then, the 
impact of the removed element on the simulation target 
is observed, and the elements are ranked according to 
the signifi cance of their impacts. Much larger substances 
should be deleted second followed by the smaller ones 
until the deviation of the simulation target exceeds 
a given value. Sensitivity analysis can further reduce 
the reaction mechanism. However, sensitivity analysis is 
time-consuming, and thus, it should be performed after 
the DRG algorithm. Using sensitivity analysis to further 
reduce the reduced mechanism, a reduced mechanism 
with 262 elements and 1259 reactions is obtained. This 
reduction can still maintain the accuracy of the in-cylinder 
pressure with the given precision. 

The four elements that were deleted using sensitivity 
analysis are as follows: C7H14OOH4-3 (the error associated 
with this element is 28.37%), C7H14O3-5 (the error asso-
ciated with this element is 40.91%), C7H133-1 (the error 
associated with this element is 69.37%), and C7H14O-
OH1-4 (the associated with this element is 69.63%). By 
comparing the two values, it is found that the sensitivity 
error caused by the remaining substances is greater than 
that of the above four substances, and the cumulative 
error exceeds the given relative error while continuing 
to delete. The deleted related reactions are as follows: 

C7H14OOH4-3O2=C7H14OOH4-3+O2, C7H14-3+HO-
2=C7H14OOH4-3, C7H15O2-4=C7H14OOH4-3, C7H14O3-

-5+HO2=>C2H5CHO+C4H71-2+H2O2, C7H14O3-5+HO-
2=>C2H5CO+C4H8-1+H2O2, C7H14O3-5+OH=>C2H-
5CHO+C4H71-2+H2O, C7H14O3-5+OH=>C2H5CO-
+C4H8-1+H2O, C7H14OOH3-5=>C7H14O3-5+OH, 
C7H133-1=C2H4+C5H91-1, C7H14-3+CH3O=C7H133-

-1+CH3OH, C7H14-3+CH3O2=C7H133-1+CH3O2H, C7H14-

-3+HO2=C7H133-1+H2O2, C7H14-3+CH3=C7H133-1+CH4, 
C7H14-3+OH=C7H133-1+H2O, C7H14-3+H=C7H133-1+H2, 
C7H14OOH1-4O2=C7H14OOH1-4+O2, C7H14OOH1-

-4=>C5H10-1+C2H4+HO2, C7H14OOH1-4=>C7H14O1-

-4+OH, C7H15O2-1=C7H14OOH1-4
In this way, the resulting mechanism contains 262 ele-

ments and their related reactions. Different given error 
values lead to different sizes of reduced mechanisms. 
In the reduction process, if mixed gas is not the initial 
searching element of the DRG algorithm, the obtained 
reduced mechanisms are different. A comparison of the 
number of elements of different reduced mechanisms is 
shown in Figure 2. 

Figure 2. Size of the reduced mechanism under different 
conditions

For example, with a pressure error of 30%, the follo-
wing elements are specifi cally possessed by the reduced 
mechanism with 262 elements:

SC4H9O2 C4H8O1-3 C4H8OOH1-2 C4H8OOH2-3 C5H10O-
OH1-4 C5H10O1-4 AC3H5CHO AC3H5CO C2H3CHCHO 
C7H131-4 C7H132-7 C7H14OOH3-2 C5H9OOH1-4 C5H9O1-4

Also, the following elements are specifi cally possessed 
by the reduced mechanism with 253 elements: 

C3H6OOH1-3 C3H6OOH1-3O2 C6H13O2-1 C7H14OOH1-4 

C7H14OOH4-3

As seen, the presence of mixed gas has a certain effect 
on the DRG process. Several reduced mechanisms that 
include mixed gas are named as reduced mechanism 1 
(relative pressure error of 10%), reduced mechanism 2 
(relative pressure error of 20%), reduced mechanism 3 
(relative pressure error of 30%), reduced mechanism 4 
(relative pressure error of 40%), and reduced mecha-
nism 5 (relative pressure error of 50%). Considering 
the time cost of the calculations and the accuracy of the 
reduced mechanism, reduced mechanisms 3, 4, and 5 are 
suitable for three-dimensional simulation. The pressure 
predictions of the above fi ve reduced mechanisms and 
the detailed mechanism on the HCCI model in Chemkin 
software are shown in Figure 3. 
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VALIDATION OF THE REDUCED MECHANISM

Validation Based on the Ignition Delay Time .
The error on the ignition delay time of the reduced 

mechanism can be verifi ed using the perfected-stired-
-reaction (PSR) model in Chemkin software. This model 
is similar to the constant-volume bomb experiment. 
In the constant-volume bomb experiment, the ignition 
time can be distinguished by observing the burning of 
gases. However, in the Chemkin simulation calculation, 
there is no sign when the ignition occurs, and hence, 
the Chemkin software can distinguish the ignition time 
according to the following three characteristics: (1) the 
concentration of a certain of substance, (2) the rate at 
which temperature increases reaches a pre-specifi ed va-
lue, and (3) the gradient of temperature change reaches 
a pre-specifi ed value. After calculating the simulation, 
we found that the ignition delay time did not change 
much under these three standards. We verifi ed the effects 
of the reduced mechanism on the ignition delay time: 
operation condition 1: pure diesel; operation condition 
2: 50% diesel and 50% mixed gas; operation condition 
3: pure methane and hydrogen. The range of verifi ed 
temperature is 700 K–1400 K. A comparison of the 
results is shown in Figures 4, 5 and 6.

As shown in Figure 4, the ignition delay time is in 
good agreement in the case of pure mixed gas, and no 
ignition occurs in the low-temperature zone. 

Figure 3. Comparison of different mechanisms with different 
in-cylinder pressure

Figure 4. Comparison of the ignition delay time of pure mixed 
gas with detailed and reduced mechanisms

Figure 5. Comparison of ignition delay time (50:50 mol.% ) 
with detailed and reduced mechanisms

Figure 6. Comparison of the ignition delay time of pure diesel 
with detailed and reduced mechanisms

As shown in Figure 5, in the negative temperature 
coeffi cient region, the predicted time of the reduced 
mechanism is a little less; in the high-temperature re-
action zone, it is a little more. In general, the reduced 
mechanism shows good agreement with the detailed 
mechanism.

Figure 6 shows a comparison of the ignition delay time 
of pure diesel with detailed and reduced mechanisms. 
Since the effect of adding mixed gas is small, although 
the calculation process is different, for predicting the 
ignition delay time of pure diesel, the prediction error of 
reduced mechanism 5 is very similar to that of the case 
using diesel: mixed gas in a ratio of 1:1. Basically, the 
prediction for the ignition delay time of pure diesel is 
in good agreement with that of the detailed mechanism. 

Verifi cation Based on Flame Speed.
The ignition delay time of pure diesel was predicted 

using the reduced mechanism, and the results were 
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compared with the results measured by Ciezki et al.23 
The simulated pressure was 40 bar, and the values of the 
equivalence ratio were 2, 1, and 0.5. A comparison of 
the results is shown in Figure 7, and from this, it can be 
seen that the reduced mechanism is in good agreement 
with the experimental data. 

Figure 9 shows a comparison of results obtained at 
470 K, 1 bar, and phi = 0.7–1.4. 

 CONCLUSIONS

In this paper, a reduced mechanism for diesel-CH4-H2 
tri-fuel is constructed. From the analysis of the direct 
relation graph, it is found that the presence of hydro-
gen in the initial searching elements has a great effect 
on the resulting mechanisms. Therefore, hydrogen and 
methane should be contained in the initial searching 
elements of the direct relation graph when a reduced 
mechanism for diesel-CH4-H2 is developed. The deta-
iled mechanism is reduced by two methods. The fi rst 
reduction was performed using the direct relation graph, 
using diesel, methane, hydrogen, and air as the initial 
groups. To overcome the weakness of the direct relation 
graph, sensitivity analysis is used for further reduction. 
To verify the accuracy of the reduced mechanism, we 
performed verifi cation of the ignition delay time using 
the reduced mechanism with three conditions: mixed gas, 
mixed gas: diesel=1:1, and pure diesel. Also, we found 
that the agreement of the detailed mechanism is better. 
The calculation of laminar fl ame speed using Chemkin 
software with the reduced mechanism also shows good 
agreement with the detailed mechanism. 
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