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Abstract

An experimental study of port injected n-heptane homogeneous charge compression ignition (HCCI) in combination with in-cylinder diesel
fuel direct injection (DI) was conducted on a single cylinder diesel engine. By adjusting the quantities of premixed n-heptane as well as the direct
injected diesel fuel, different premixed ratios were obtained over a wide range of load conditions while the test engine was kept at a constant
speed. The effects of premixed ratio (rp) and direct injection timing on HCCI-DI combustion characteristics and emissions were investigated.
In order to evaluate the traits of HCCI-DI combustion, the conventional diesel and HCCI engine performances were presented to be compared
with their results. Furthermore, special emphasis was put on the combined combustion process analysis. It can be found that the NOx emissions
decreased dramatically with partial premixing and it exhibited a descending trend as a function of rj, increase when the rj, was lower than 0.3, but
it showed a great tendency to increase when the premixed ratio was higher. The inherent trade-oft of NOx and soot was not obvious since the soot
emissions remained at the same level of the prototype diesel engine under the condition of lower r,,. Moreover, the influence of r, on the CO and
UHC emissions was assessed. The results also revealed that the HCCI-DI combustion could effectively improve the indicated thermal efficiency

of diesel engine at low to medium loads.
© 2007 Elsevier Masson SAS. All rights reserved.
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1. Introduction

Since the environmental protection regulations and the need
to reduce fuel consumption are getting more and more strin-
gent, Homogeneous Charge Compression Ignition (HCCI), as
a promising alternative combustion technology with high ef-
ficiency and lower NOx and particulate matter emissions, has
been widely investigated over the recent years.

In some regards, HCCI combustion incorporates the advan-
tages of both spark ignition (SI) engines and compression ig-
nition direct injection (CIDI) engines. The lean homogeneous
fuel/air mixture is essentially inducted into the cylinder with-
out throttling losses and then compressed to autoignition which
occurs simultaneously through the cylinder without discernable
flame propagation. These features lead to very low NOx and
PM emissions while maintaining high thermal efficiency.
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However, regardless of the existing benefits, the control
problems of ignition timing and burning rate are to be solved
before the HCCI engines can be practically applied to commer-
cial use. These two challenges are difficult to overcome firstly
because HCCI is lack of ignition control mechanism like the
spark and direct injection timing control. Secondly the HCCI
combustion is dominated by the chemical kinetics based on
the fuel properties therefore the occurrences of misfiring at low
load and knocking at high load are usually noted which result
in a limited operation range of HCCI engine.

Recently a lot of researches have been performed to investi-
gate the potential control methods such as the inlet air heating
[1,2], variable compression ratio (VCR) [3,4], variable valve
actuation (VVA) [5,6] and EGR rates [7,8]. Moreover many
studies also focused on the effects of different fuel physical
and chemical properties, for instance the octane number and
the cetane number, using the primary reference fuels and fuel
addictives [9-12]. Within these attempts, attracting progresses
have been reported, to some extent, about gaining control of
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the HCCI combustion process. However due to the essence that
there is no direct control method to determine the autoignition
process, none of the achievements shows satisfactory results in
thoroughly expending the HCCI engine operation range partic-
ularly at high loads.

Another concept to overcome the disadvantages of HCCI is
to use HCCI / ST dual mode combustion [13,14]. Equipped with
the VVA and spark ignition system, the HCCI/SI dual mode en-
gine is able to operate in HCCI mode at low to medium loads
and it can switch into SI mode to meet the large power out-
put requirements. However the mode transition, especially from
HCCI to S, is not very stable and smooth so that more improve-
ments would be needed on the control strategies to diminish the
cycle-to-cycle variation [15-17]. Generally, this dual mode en-
gine combines the HCCI and SI together to achieve the best
performance.

Accordingly, the HCCI-DI compound combustion mode
could be considered as a compromise between premixed HCCI
and conventional CIDI. By adjusting the quantities of port in-
jected fuel and direct injected fuel, various premixed ratios can
be obtained. Several studies have revealed the advantages of
similar combined combustion mode, Kim et al. investigated the
effects of premixed gasoline fuel and direct injection timing on
partial HCCI [18,19]. Suzuki et al. performed an experimental
and computational study of the homogeneous charge intelligent
multiple injection combustion system (HiMICS) [20]. Their re-
sults all showed the simultaneous reduction of NOx and soot
emissions, at the expense of CO and UHC increase. Yet more
understanding of the correlation between combustion charac-
teristics and emissions of the compound HCCI-DI combustion
is required. And experiments are needed to investigate the ef-
fect of premixed ratio on this combustion mode for all engine
loads.

The objective of this study is to investigate the combustion
and emission characteristics of HCCI-DI concept and the ef-
fects of premixed ratio and direct injection timing. Normal hep-
tane was chosen as the premixed fuel because of its relatively
low boiling point and excellent ignition ability. The commercial
diesel fuel was injected near top dead center (TDC) as a com-
plementation under the condition of misfire or knock to expend
the engine operating range. The engine experiments were con-
ducted over a load range from 0—100% while the engine speed
was fixed at 1800 rpm. This work also examined the engine per-
formance difference between conventional CIDI, HCCI-DI and
the fully HCCI, as the premixed ratio varied from O to 1, and
then provided suggestions for the optimum operation regime of
HCCI-DIL

2. Experimental apparatus and procedure

The research engine was based on a single-cylinder, direct-
injection and four-stroke naturally aspirated diesel engine. The
main engine specifications are listed in Table 1. Fig. 1 demon-
strates the schematic diagram of the test bench system. An
electronically controlled port injection system was employed
to inject n-heptane in the intake manifold at the location of
approximately 0.35 meters upstream to the inlet port and the

Table 1
Main engine specifications

Bore x stroke 98 (mm) x 105 (mm)

Displacement 0.792 (L)
Aspiration naturally aspirated
Combustion chamber o type
Compression ratio 18.5

Injection nozzle (direct injection) 5 x 0.24 (mm)
Nozzle spray angle 154°

Needle open pressure 19 (MPa)

Table 2

Test conditions

Engine speed 1800 rpm
Port injection timing 340°C A BTDC
Advance of direct injector opening 7°C ABTDC
Intake air temperature 20°C

Coolant temperature 85°C
Lubricant oil temperature 90°C

EGR rate 0%

diesel fuel was directly injected into the cylinder near the top
dead center with the mechanical injection pump. The experi-
mental apparatus also included an eddy current dynamometer
and the coupled control system.

The cylinder pressure was measured with a pressure trans-
ducer (Kistler model 6125A). The charge output from this
transducer was converted to amplified voltage using an ampli-
fier (Kistler model 5015) and then was recorded at 0.25 °CA
resolution with the sampling signals from the shaft encoder.
According to the in-cylinder gas pressure averaged from 50
consecutive cycles for each operating point, the heat release rate
can be calculated by zero-dimension combustion model. The
exhaust gas composition CO, UHC, and NOx emissions were
measured by gas analyzer (AVL 4000). Also the equivalence
ratio @ could be obtained from the analyzer. Smoke opacity
was measured by a smoke meter (AVL 439).

The premixed ratio r), in this paper is defined using the
following equation. Where m,, and m, indicate the mass con-
sumption rate of premixed n-heptane and directly injected
diesel fuel respectively, h,, and h,4 are the lower heating val-
ues of n-heptane and diesel fuel. So r, = 1.0 is equivalent to
fully HCCI and r, = 0 means the conventional CIDI.

h
PR L e — (1)
m,,hu,, +mghyg

The test conditions are summarized in Table 2 and the fuel
properties of diesel and n-heptane are provided in Table 3.
For all data presented, 0 °CA is defined as the top dead cen-
ter (TDC) at compression stroke. To ensure the repeatability
and comparability of the measurements for operating condi-
tions, the temperatures of intake air, oil and coolant water were
held accurately stable during the experiments. The EGR were
not applied in the experiment and engine speed was kept at
1800 rpm.
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Fig. 1. The schematic diagram of the test bench system.

Table 3
Fuel properties of diesel and n-heptane

Diesel n-Heptane
Chemical formula C10.8H18.7 n-C7TH16
Molar mass (g/mol) 148.3 100.16
Density (g/cm3 at20°C) 0.839 0.688
Boiling point (°C) 180-370 98
Lower heat value (MJ/kg) 429 44.5
Cetane number 51.7 56
Sulfur (mass ppm) 403 0

3. Results and discussion
3.1. Combustion characteristics of HCCI-DI

Fig. 2 shows the combustion characteristics of HCCI-DI
with different premixed ratios. Many numerical and experimen-
tal results have verified that HCCI exhibits a two-stage combus-
tion while the CIDI is mainly a diffusive combustion. In princi-
ple, the HCCI-DI may be a three-stage combustion consisting
of cool flame region, the high temperature HCCI combustion
region and the third diffusive combustion due to the directly in-
jected diesel fuel. This kind of feature can be observed clearly
in the heat release rate (HRR) curves of Fig. 2.

It is worth noting that the premixed ratio has little impact
on the ignition timing of low temperature cool flame which oc-
curs approximately at 25° BTDC, but the negative temperature
coefficient (NTC) region of the chemical controlled intermedi-
ate temperature reactions shortens distinctly as the ), increases.
Consequently, the start of second stage combustion is found to
be advanced and the maximum heat release rate of HCCI com-

bustion phase increases when the premixed ratio is increased.
Also the peak values of cylinder pressure and temperature rise
in proportion to the increase of r,. The ignition delay of di-
rectly injected diesel fuel is not much affected by r, because
the previous HCCI combustion raised the in-cylinder pressure
and temperature,which resulted in a minimal diffusive ignition
delay that was not evident to be observed.

The pressure rise rate d P /d¢ is usually adopted as an index
to describe the intensity of combustion roughness. In this pa-
per, the “knock combustion” is defined as the maximum d P /d¢
exceeds 1.2 MPa/°CA. Fig. 3 gives the profiles of maximum
cylinder pressure Ppax and the maximum pressure rise gradient
under the same total fuel equivalence ratio with various pre-
mixed ratios. As it is mentioned above, r, = 0 represents the
CIDI operating condition.

It can be seen from Fig. 3 that in comparison with CIDI, the
peak cylinder pressure of HCCI-DI is much higher and it in-
creases monotonically with the premixed ratio. The maximum
dP/d¢ displays a slight decrease with the premixed ratio lower
than 0.2 and it quickly rises when the premixed ratio is higher
(rp = 0.2). The reason is that when r), is lower than 0.2, the
premixed charge is very lean and there is no high temperature
reaction of HCCI, therefore the dP /d¢max occurs during the
diffusive combustion stage. Under the condition of higher pre-
mixed ratio, the hot ignition of HCCI starts simultaneously in
the chamber so that the d P /d¢max changes to occur in this close
to constant volume combustion stage.

Fig. 3 also reveals that with the directly injected diesel, the
test engine run in HCCI-DI mode could eliminate the misfire
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Fig. 2. Effects of premixed ratio on HCCI-DI combustion characteristics:
(a) @ =0.380, (b) @ = 0.480.
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Fig. 3. Effects of premixed ratio on Pmax and dP /d¢max of HCCI-DI.
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Fig. 4. Effects of premixed ratio on NOx emissions of HCCI-DI.

under the condition of low load and low premixed ratio, and
severe knock could be avoided by using proper 7, at high loads.

3.2. Emission characteristics of HCCI-DI

HCCI combustion is well known for its ultra low NOx and
soot emission. Thus it is considered in this study that the NOx
and soot emissions are mainly due to the diffusive combustion
of direct injection. On the other hand, the CO and UHC emis-
sions mainly originate from the HCCI combustion since the
prototype engine run in CIDI mode has a CO emission within
0.02% (volumetric) while the UHC emission is below 32 ppm.

Fig. 4 depicts the NOx versus premixed ratio with different
equivalent ratios. It is evident that NOx is reduced dramati-
cally with partial premixing and it exhibits a descending trend
at first as a function of r, which is approximately up to 0.3,
but it shows a great tendency to increase when the premixed
ratio was higher. This is because of the trade-off relationship
between the reduction of NOx during HCCI combustion and
the increase of NOx during diffusive combustion. On one hand,
the n-heptane undergoing HCCI combustion produces nearly
no NOx so that increasing premixed ratio would reduce the
overall NOx. On the other hand, the heat release prior to the dif-
fusive combustion raised the in-cylinder temperature that offset
the NOx decrease. Therefore it should be notified that an opti-
mal solution of premixed ratios for all operating conditions is
quite possible.

To understand the effects of 7, on NOx more clearly, NOx
emissions as a function of indicated mean effective pressure
(IMEP) are shown in Fig. 5. Three representative premixed ra-
tios were selected and the results of conventional CIDI were
provided as a comparison.

The curves in Fig. 5 coincide well with the results in Fig. 4.
The HCCI-DI is capable to decrease NOx effectively for all
loads. In particular, the advantage is more distinct at higher
loads (IMEP > 0.5 MPa) and then a small premixed ratio
(rp =0.3) is preferred to obtain the optimal performance.

Fig. 6 presents the smoke opacity to specify the effects of
premixed ratio on soot emissions of HCCI-DI. The r, appears
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Fig. 6. Effects of premixed ratio on soot emissions of HCCI-DI.

to have little influence on soot emissions over a wide range of
premixed ratio. The soot emissions remain almost at a constant
level despite of the increase premixed ratio until ), reaches a
certain value. After that, the soot emissions indicate an obvious
trend of increasing then decreasing as the premixed ratio fur-
ther increases. Similar results were also observed by Simescu et
al. [21] and Zhang [22]. The explanation to this observed soot
increase may take into account several factors. As it is men-
tioned above, though HCCI combustion may not produce any
soot, it elevated the temperature and decreased the in-cylinder
oxygen concentration so that it played a similar role of internal
EGR which had a positive impact on soot formation. Moreover,
the active radicals and products formed during the HCCI com-
bustion may also be considered as a factor for their attribution
of soot precursors. Besides, the outer layer of the directly in-
jected oil spray ignites instantly under the condition of high
in-cylinder temperature and pressure, causing the poor evapo-
ration and oxidation of the inner core of the spray. The inner
core of the oil spray may undergo decarburizing reactions thus
resulting in more soot. Only when the premixed ratio is high
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Fig. 7. Effects of premixed ratio on CO emissions of HCCI-DI.

enough that HCCI occupies a dominant status, the suppression
effect of HCCI on soot emissions begins to appear.

Although the soot emission of HCCI-DI basically maintains
the same level as conventional CIDI, it is worth noting that the
inherent trade-off between NOx and soot could be solved in the
aspect of optimal operating. Using the proper premixed ratios,
for example r,, = 0.3, HCCI-DI could reduce NOx significantly
while keep the soot emissions at the original level without much
increase.

The much higher CO and UHC emissions also are the ma-
jor problems of HCCI. Recently Amann et al. [23] evaluated
the HCCI engine performances in comparison with modern ad-
vanced gasoline and diesel engines by calibrating HCCI opera-
tion factors, and found that on a break-specific basis the HCCI
combustion emitted higher levels of CO and UHC emissions
than the other combustion concepts. In general, it is widely
accepted that CO emissions are controlled primarily by the
fuel/air equivalence ratio and the reaction from CO to CO2 is
sensitive to the bulk gas temperature. However UHC emissions
come from the wall quench layer of the combustion chamber,
ring-crevice storage and the absorption—desorption of fuel from
oil layers. So it is expected that, as for the HCCI-DI combus-
tion, the CO and UHC emissions will be equivalent to HCCI
because the formation is of the same fundamental reasons, con-
sidering that CIDI combustion emits relatively very low CO and
UHC emissions.

The CO emission of HCCI-DI as a function of premixed ra-
tio is indicated in Fig. 7. CO increases at first with the premixed
ratio up to a certain value and then the CO emission starts to
decrease. This trend is mainly due to the premixed equivalence
ratio and was also observed by Simescu et al. [21]. According
to Dec’s computational study [24], with the equivalence ratio
of the mixture below 0.15, conversion of CO to CO2 could not
go to completion. The results presented in Fig. 7 are consistent
with Dec’s calculations as it can be seen that under a certain
total equivalence ratio, when the premixed ratio exceeds the
critical value resulting in the CO emission starts to decrease, the
corresponding premixed equivalence ratio is kept at approxi-
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Fig. 8. Effects of premixed ratio on UHC emissions of HCCI-DI.

mately 0.176. (It is a little higher than 0.15 because heat transfer
and boundary layer in the real engine may increase the critical
value of the low limit.) And the lowest CO emission, main-
taining at about 0.05% in volume, is mostly from the boundary
layer where the further oxidation of CO is hard to proceed.

Similar to the spark ignition engines, the unburned hydro-
carbons of HCCI-DI also originate mainly from crevices and
quenching effect. It can be seen in Fig. 8 that the UHC does not
exhibit the same trend as CO and it increases almost linearly
with the premixed ratio. The main factor is that the premixed
fuel/air mixture trapped in the crevice and boundary layer is
hard to be oxidized during the low temperature HCCI combus-
tion stage. It is worth noting that the highest UHC emission
of n-heptane/diesel dual fuel HCCI-DI combustion is within
180 ppm, and based on the previous experimental work by Lii et
al. [25], the UHC level of n-heptane port injection HCCI com-
bustion is about 200 ppm or even higher with low equivalence
ratio. So it is inferred that the heat release of the third stage
CIDI combustion is good for the further oxidation of UHC pro-
duced in HCCI combustion stage.

3.3. Effects of premixed ratio on the engine performance of
HCCI-DI

The indicated mean effective pressure (IMEP) and indicated
thermal efficiency (n;) are discussed in this study to evaluate
the engine performance of HCCI-DI. Fig. 9 demonstrates the
IMEP versus premixed ratio at various equivalence ratios. With
an equivalence ratio below 0.480, the IMEP shows a trend of
enhance as the premixed ratio increases. For the equivalence
of 0.480, the plot of IMEP is quite flat and at the condition of
even higher load, for instance when the equivalence is 0.590,
the IMEP changes to decrease with the premixed ratio.

It can be concluded that for low to medium loads, high pre-
mixed ratios could improve the power output performances.
However, for high load with a large premixed ratio, a deteri-
oration may occur because of the over advanced combustion
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Fig. 9. Effects of premixed ratio on indicated mean effective pressure of
HCCI-DI.
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timing resulted from the excessive premixed equivalence ratio.
This conclusion is consistent with the consensus developed over
the years that HCCI is particularly suitable for partial loads. As
to HCCI-DI, this feature still exists, whereas the upper limit of
engine operation range has been largely expended.

To verify this, Fig. 10 providing comparison of indicated
thermal efficiency between HCCI-DI, HCCI and CIDI, is in
good agreement with the information revealed in Fig. 9. In
Fig. 10, r, = 1.0 and r, = 0 represent fully HCCI and CIDI,
respectively.

Restrained by the misfire and knock, although the n; of
fully HCCI is quite reasonable, the operation range in terms
of IMEP is limited. Engine run in HCCI-DI mode can approach
the 100% load of the prototype engine and has no restriction
of the ignition problem at idle speed. The deterioration of »; at
high load is denoted, as the plots in Fig. 10 all exhibit a descend-
ing trend. This is of the same reason as for the deterioration
of IMEP.
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3.4. Effects of direct injection timing on HCCI-DI

The premix injection timing had no significant effect on the
HCCI-DI since the n-heptane was port injected during the in-
take stroke after the intake valve opening event. However, direct
injection timing plays an important role in CIDI combustion
phase and it must have impacts on the charge stratification of
HCCI-DI combustion [26]. In this experimental study, the ef-
fects of direct injection timing were investigated. And three
different advanced angles of direct injector opening, 5° BTDC,
7° BTDC and 9° BTDC were used.

Fig. 11 presents the effects of direct injection timing on
combustion characteristics of HCCI-DI under the condition of
same equivalence ratio and premixed ratio. As the direct injec-
tion timing is retarded, the ignition timing of the third stage
diffusive combustion is delayed when the prior two stages of
HCCI combustion remain the same. Accordingly, the interrupt
of combustion interference is prolonged which may lead to in-
creasing duration of combustion and heat transferring loss. So it
can be seen in the right upper corner of Fig. 11 that the indicated
thermal efficiency slightly increases with advance of direct in-
jection timing.

Fig. 12 shows the effects of direct injection timing on emis-
sion characteristics of HCCI-DI with the fixed premixed equiv-
alence ratio @p = 0.186. Fig. 12(a) reveals that NOx emissions
decrease dramatically with the retard of direct injection tim-
ing, especially from 9° BTDC to 7° BTDC. Due to the possible
reasons discussed in Section 3.2, the soot emission in terms of
opacity depicts a relatively complex trend as there is no ob-
vious reduce along with the retard of direct injection. There
are no remarkable differences of CO and UHC emissions in
Fig. 12(b) as the direct injection timing varies by four crank
angles.

Consequently, taking into account the NOx and soot emis-
sions as well as the indicated thermal efficiency, 7° BTDC is
considered as the optimal advance of direct injector opening for
the test engine in this study. Therefore it is used as the baseline
for all the data presented in this paper.
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Fig. 12. Effects of direct injection timing on emission characteristics of
HCCI-DI: (a) NOx & soot, (b) CO & UHC.

4. Conclusions

(1) The HCCI-DI combustion with n-heptane/diesel dual fuel
is a three-stage combustion process consisting of cool
flame, HCCI combustion and diffusive combustion. With
the increase of premixed ratio, the NTC is shortened, the
peak in-cylinder pressure and temperature increases and the
highest heat release rate of HCCI combustion phase rises.

(2) NOx emissions decrease firstly at low premixed ratios and
exhibit a trend of increasing at higher premixed ratios.
Generally the NOx of HCCI-DI combustion could be dra-
matically reduced in comparison with the prototype diesel
engine.

(3) The premixed ratio has no significant effect on soot emis-
sion and the soot emission could remain at the same level
but then have a peak value with a certain higher premixed
ratio relating to the equivalence ratio.

(4) The change of carbon monoxide with premixed ratio is
mainly depending on whether the premixed equivalence
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ratio exceeds the critical value while the unburned hydro-
carbon increases almost linearly with the premixed ratio
mainly due to the incomplete oxidation in the boundary
layer and the crevices.

(5) The engine performance of HCCI-DI is comparative with
the prototype diesel engine. The IMEP increases with the
increase of premixed ratio at low to medium loads. The in-
dicated thermal efficiency shows deterioration at high load
with large premixed ratios.

(6) The direct injection timing has distinct effects on the com-
bustion and emission characteristics of HCCI-DI combus-
tion. So that premixed ratio together with the direct injec-
tion timing are very important for HCCI-DI optimal oper-
ating.
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