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Heat Transfer effects on Auto-Ignition behavior of
Natural Gas and Heptane Fueled HCCI combustion: a
Multi-Zone Simulation

Lian Xuan®, Lei Xuefeng?, Xiao Guanyu?®, Liang Yang®

% University of Science & Technology Beijing

Abstract

The Homogenous Charge Compression Ignition (HCCI) combustion in an nat-
ural gas (Methane) and Heptane fueled engine using detailed chemical kinetics
is investigated in this research. Sensitivity analysis of O, H, CH and OH species
have been performed for the two sample fuels. The effect of heat transfer of
start of combustion (SOC) and temperature gradient have been investigated.
The SOC shifts to the higher crank angles as the heat transfer is considered
because of the heat loss to the cylinder body and later combustion is happening
inside the cylinder.

Keywords: HCCI Combustion, Natural Gas, Heptane, Heat Transfer,
Detailed Chemical Kinetics

1. Introduction

Very low NOx and almost no soot emissions and elevated thermodynamic
efficiency, made Homogenous Charge Compression Ignition (HCCI) combustion
a great candidate combustion methods for next generations of internal combus-
tion engines [I}, 2} B} 4, B, [6] [7]. The most benefits of HCCI combustion is because
of its premixed and lean fast combustion. Large heat release rate (HRR) with
a combustion without a flame front [§]. The high thermal efficiency of HCCI
combustion is due to its ability to design for high compression ratios (CR), lean
and almost constant volume combustion with no throttle loss, [9, [10].

There are some obstacles need to be overcome to commercialize the HCCI
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engines with these great features. Difficulties in cold start and high HC and CO
emissions, and small range of normal operating for HCCI engines are some of the
difficulties [IT}, 12]. One of the challenges for HCCI engine design is controlling
the start of ignition for different speed and operational load operating conditions
of the engine [I3]. So, simulations based on parametric study to approach a
reliable control method of HCCI combustion currently is highly demanding by
the scientists and engineers[I4], [I5]. Some examples of methods used to control
HCCI combustion, are inlet pressure and temperature changes and altering the
compression ratio (VVT method) [16] [17].

In order to design an engine which uses HCCI combustion and is reliable
for use, controlling is vital to understand the effects of altering each engine and
combustion parameter change on HCCI combustion output and behavior. For
this purpose, in this research we have performed a study to investigate effects
of altering each parameter on HCCI engine combusiton to understand effect of
inlet pressure, inlet temperature, air fuel ratio, cylinder compression, and engine
speed on in-cylinder pressure history, start of combustionof a Natural Gas and

Heptane fueled HCCI combustion engines.

2. Methodology

As shown in Fig. [I} the cylinder is divided to five different zones with dif-
ferent sizes and shapes; Center volume is centered in the cylinder inside charge,
which is an inner gas with a shape of another cylinder which is surrounded by
an outer zones with concentric shell of gas. The thickness of these shells are
t1. The outer zones are cylindrically shaped. The boundary layer is modeled
in our simulations too, for this purpose, it is assumed that every zone becomes
thinner as we go further from the center towards cylinder walls and the value
of R shows the fraction of the thickness of the next layer in comparison to the
previous one. Values of the center zone volume is 0.3 of total volume of cylinder.

To model detailed chemical kinetics, we have used the GRI-mech 3.0 chemical

kinetic mechanism [I§].
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Figure 1: Zone configuration of MZCM.

» 3. Governing equations

Thermodynamic properties in zones are uniform and it is assumed that the
gas is an ideal gas. We also assumed that the mass inside the cylinder is ho-
mogenous at the beginning of the simulation. After that point, mass transfer
model between zones is happening to keep the in-cylinder pressure uniform for

s the combustion chamber:

M 40 (1)

N,
ka = Mot (2)
k=1

Energy conservation equation is as follows:

dY; dV, d
kZU Zk _k+&+mz 1—>thl

; T misiv1hi (3)

muck g dt

The net rate of species production can be calculated using:



ayy,  wiprMW;

i - (4)

Woschnis correlation [21] is used to simulate thermal transport between zones
with changes which for HCCI engines and combustion simulations applications
so [19]. Tt is used for convective thermal transport modeling inside the cylinder to

transfer heat to cylinder wall.

he(t) = B x Height(t)~2P(t)° 3T (t) Oy (1)0® )

Thermal transport among different zones are modeled by a mechanism which
is like conduction. So, heat flux of thermal transport will be dependent on the
temperature difference of the zones which are neighbor and on the distance as

s follows:
dT

R,
q ttdy (6)

In Eq. [6] the Kot is a conductivity of total flow which is found by Yang and

Martin method [20] and is the summation the turbulent and laminar component.

kot = Ki + K¢ (7)

The ratio of turbulent to laminar component is calculated by the following

equation:
K Pry pt
K~ Prom ®)
l Tt [
60 Eq. [8 presupposes flows. The viscosity ratio can by calculated by:
Ht o+ +
- = k:yn [1 - exp(—Zakyn] (9)
H
and
Un = / pdyn (10)
Hw Jo
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here k = 0.44 which is the Von Karman Constant, o = 0.08 and y; is the
distance between the zone center and the wall. The velocity is proportional to

engine rpm.

4. Results and Discussion

For sensitivity analysis when the mixture temperature has increased by 100
K, 200 K, and 300K, first corresponding time for 1600K, 1700K and 1800K are

obtained:

Table 1: Sensitivity analysis of the mixture
Time(s) | T (K)

1.10E-03 | 1.61E403
1.10E-03 | 1.61E403
1.11E-03 | 1.62E403
1.12E-03 | 1.63E+403
1.12E-03 | 1.656E+403
1.13E-03 | 1.67E403
1.14E-03 | 1.70E4-03
1.15E-03 | 1.73E403
1.15E-03 | 1.75E+403
1.15E-03 | 1.77E403
1.16E-03 | 1.80E403

At time 0.001099 s corresponding to 1600 K the results of sensitivity analysis
for O, H, CH and OH are as follow:
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Figure 2: Sensitivity analysis of O.
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Figure 3: Sensitivity analysis of H.
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Figure 4: Sensitivity analysis of CH.
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Figure 5: Sensitivity analysis of OH.

At time 0.00114 s corresponding to 1700 K the results of sensitivity analysis
for O, H, CH and OH are as follow:
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Figure 7: Sensitivity analysis of H.
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Figure 8: Sensitivity analysis of CH.
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Figure 9: Sensitivity analysis of OH.

At time 0.00116 s corresponding to 1800 K the results of sensivity analysis
for O, H, CH and OH are as follow:
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Figure 10: Sensitivity analysis of O.
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Figure 11: Sensitivity analysis of H.
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Figure 12: Sensitivity analysis of CH.
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Figure 13: Sensitivity analysis of OH.

7 Fig|14] shows that considering heat transfer will retire the SOC and also will
reduce the max cylinder temperature and average temperature in the expansion

stage because of energy loss to the cylinder walls.
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Figure 14: Temperature profile with respect to crank angle degree (CAD).

Based on our simulation results (Fig. [15]), considering heat transfer have the

same effect on the in-cylinder pressure history.
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Figure 15: Pressure profile with respect to crank angle degree (CAD).

Figs. 7?7 demonstrate in-cylinder temperature and pressure histories for the

n-heptane fueled HCCI engine.
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Figure 17: Pressure profile with respect to crank angle degree (CAD).

The effect of engine speed on auto ignition, are demonstrated in Figs. 77
it is found that with increasing the engine speed start of combustion postpones

which means there is a longer ignition delay.

& Figs. 7?7 demonstrate in-cylinder temperature and pressure histories for the

n-heptane fueled HCCI engine.
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Figure 19: Pressure profile with respect to crank angle degree (CAD).

5. Conclusions

The effects of heat transfer and engine speed on combustion behavior of
HCCI combustion engine is investigated and the following conclusions can be
derived from this research:

- Considering heat transfer in HCCI simulation causes delay in SOC because

of energy loss to the cylinder wall.

14
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- The peak temperature, pressure and also the average temperature and
pressure for the expansion stage is reduce. There for we will have smaller engine
performance.

- Increasing engine speed (rpm) will cause delay in SOC because of giving
less time to the H radials to react with other species and start the combustion

inside the cylinder.
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