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Abstract

Operational maps for crankshaft-equipped miniature homogeneous charge compression ignition engines are established using performance
estimation, detailed chemical kinetics, and diffusion models for heat transfer and radical loss. In this study, radical loss was found to
be insignificant. In contrast, heat transfer was found to be increasingly significant for 10, 1, and 0.1 W engines, respectively. Also,
temperature—pressure trajectories and ignition delay time maps are used to explore relationships between engine operational parameters
and HCCI. Lastly, effects of engine operating conditions and design on the indicated fuel conversion efficiency are investigated.
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1. Introduction

This paper is the second in a two-part series that presents
results of recent small-scale engine research and develop-
ment activities conducted at the University of Minnesota.
The first paper presented a 10 W homogeneous charge com-
pression ignition (HCCI) engine-compressor concept and
used performance estimation to explore various aspects of
miniature engine design. The analysis, however, did not
couple HCCI and operating parameters or account for phe-
nomena such as enhanced heat transfer rates. Consequently,
the objective of this paper is to mitigate these shortcom-
ings by combining performance estimation with a model for
small-scale HCCI combustion; resulting in plausible opera-
tional maps for miniature engines.

This paper is organized as follows. First, the HCCI
model employed in this study is described. Second, mod-
els for heat transfer and radical loss in small volumes are
developed. Third, relationships between engine operating
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parameters and HCCI combustion are explored. Fourth, op-
erational maps for miniature HCCI engines are established.
Finally, miniature HCCI engine performance is discussed.

2. Modeling HCCI combustion

In contrast to transport-limited engine combustion modes
such as spark ignition and Diesel, HCCI depends primarily
upon the compression process and fuel oxidation kinetics.
Therefore, matching engine operating conditions and HCCI
combustion is essentially a reaction engineering problem.
Generally, there are two HCCI modeling strategies: homo-
geneous and multi-zone. The distinction between them is
whether or not gradients are assumed to exist in the com-
bustion chamber i.e., the latter does while the former does
not.

2.1. Homogeneous models

Typically, homogeneous models are developed by consid-
ering the combustion chamber to be a variable-volume batch
reactor and selecting an appropriate kinetic mechanism.
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Hence these models integrate the time-dependent energy
and species conservation equations to yield temperature,
pressure, and concentration histories for the charge. Najt
and Foster (1983) are credited with establishing this
paradigm and demonstrating that HCCI could be explained
using hydrocarbon kinetics. Their efforts were followed
by Lu, Gupta, Pouring, & Keating (1994) who employed
Chemkin-II and a detailed hydrogen—air mechanism to in-
vestigate the role of hydrogen peroxide and radical species
in HCCI. They in turn, were followed by several investiga-
tions that used HCT (Lund, 1978), detailed chemical kinet-
ics, and bulk heat loss via the Woschni (1967) correlation
(Smith, Aceves, Westbrook, & Pitz, 1997; Aceves, Smith,
Westbrook, & Pitz, 1999; Flowers, Aceves, Westbrook,
Smith, & Dibble, 1999; Flowers et al., 2000; Martinez-Frias,
Aceves, Flowers, Smith, & Dibble, 2000). Addition-
ally, Kelly-Zion and Dec (2000) used Chemkin-IIT (Kee,
Rupley, & Meeks, 1996), SENKIN (Lutz, Kee, & Miller,
1988) and detailed kinetic mechanisms for iso-octane and
n-heptane oxidation to determine the suitability of single-
and two-stage ignition fuels for HCCI.

2.2. Multi-zone models

The strengths of homogeneous models include the ability
to predict changes in ignition timing and the capability to in-
vestigate the chemistry of HCCI combustion (Lu et al., 1994;
Aceves et al., 1999; Flowers et al., 1999, 2000; Kelly-Zion
& Dec, 2000; Martinez-Frias et al., 2000). Unfortunately,
they fail to accurately predict burn duration, peak cylinder
pressure, indicated fuel conversion efficiency, and CO and
hydrocarbon emissions (Christensen, Johansson, AmnJus,
& Mauss, 1998; Aceves et al., 1999). Aceves et al. (1999)
attribute these limitations to neglecting gradients i.e., inho-
mogeneity, in the combustion chamber.

Therefore to capture effects of charge inhomogeneity,
Aceves et al. (2000) developed a multi-zone HCCI model.
The salient features of this model include the partition-
ing of the combustion chamber into several homogeneous,
variable-volume, batch reactors and the sequential use of
KIVA (Amsden, 1993) and HCT. Initially, the distribution
of mass among the zones and the initial temperature field are
determined by KIVA. HCT subsequently computes tempera-
ture and species concentration histories for individual zones.
Also, heat and mass transfer between zones is neglected to
minimize computational requirements, but each zone fea-
tures a bulk heat sink based upon the Woschni correlation.
Lastly, they found excellent correspondence between model
predictions and the experimental results of Christensen
et al. (1998).

Aceves et al. provide many significant contributions to
the understanding of HCCI. First, they give the follow-
ing sequence by which HCCI combustion proceeds: (1)
Chemical reactions are initiated in the center of the of the
combustion chamber because it is the hottest. (2) The cen-

tral zone expands to compress adjacent zones. (3) Adjacent
zones are heated by compression and chemical reactions are
initiated shortly afterward. (4) Once reactions commence,
these zones also expand and compress their neighbors.
(5) The process repeats until the fuel in adjacent zones
fails to react—which results in relatively large hydrocarbon
emissions. Second, they link the ignition event to the decom-
position of hydrogen peroxide and thus explain observed
similarities in the behavior of various hydrocarbon fuels.
Finally, Aceves et al. find that with the exception of CO
and hydrocarbon emissions, the multi-zone model resolves
many discrepancies between predictions and experiments.
Consequently, this modeling approach has been widely
adopted (Noda & Foster, 2001; Amano, Morimoto, &
Kawabata, 2001; Kong, Marriott, Reitz, & Christensen,
2001; Aceves et al., 2001; Easley, Apoorva, & Lavoie,
2001; Fiveland & Assanis, 2001).

2.3. Engine cycle models

Despite their individual merits, homogeneous and
multi-zone models consider only one compression—
expansion cycle. Consequently, ancillary but significant
processes intrinsic to the engine cycle are neglected or
inappropriately modeled (Fiveland & Assanis, 2000). In
contrast, an engine cycle model attempts to capture all
events that occur during the cycle and may employ either
the homogeneous or multi-zone approach. Examples in-
clude the free-piston engine model of Goldsborough and
Van Blarigan (1999) and the four-stroke engine model of
Fiveland and Assanis.

3. The miniature HCCI engine model

Although much progress has been made in understanding
HCCI, the current knowledge base generally does not apply
to miniature engines. For example, miniature engines are
anticipated to operate between 300 Hz (18,000 RPM) and
2000 Hz (120,000 RPM). Whereas most full-size HCCI en-
gines operate at approximately 1000 RPM. Consequently,
relationships between chemical times and the engine cycle
will be different. Additionally, compression ratios of 30:1 or
higher, are desirable in miniature engines while compression
ratios of conventional engines seldom exceed 25:1. Finally,
miniature engines feature large surface-area-to-volume ra-
tios. Hence accurate modeling of heat and mass transfer rates
in these circumstances is vital and widely-used models like
the Woschni (1967) correlation are inapplicable.

The objective of this work is to find combinations of oper-
ating and design conditions that are compatible with HCCI.
Therefore, we concentrate our effort on the auto-ignition of
the charge and defer investigations of charge inhomogeneity
and regulated emissions such as NO,, to future work. Con-
sequently, we adopt the homogeneous modeling approach,
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employ the collection of batch reactor codes that comprise
SENKIN (Lutz et al., 1988), and detailed gas-phase kinetics.

3.1. Model formulation

To include effects such as heat transfer and radical
loss, SENKIN is modified as follows: First, the governing
equations for a non-isothermal, non-adiabatic batch reactor
(closed system) are mass conservation,

dy,
d—tk—va)kMka (1)

and the First Law of Thermodynamics for a simple com-
pressible system viz.,
du oq ow

where Y; and @ are the mass fractions and net produc-
tion rates of species k, respectively. Next, the term on the
left-hand side of Eq. (2) is given by

Ny Ny

Z dek+Z kduk (3)

Substitution of Eqgs. (3) and (1) into Eq. (2) yields
N

dr v
a v oM. - — 28 L% 4
I +Cvzukwk k+c‘ 0, 4)

after simplification. Consequently when a mechanism of N
species is used, Eqs. (4) and (1) comprise a set of N; + 1
non-linear ordinary differential equations; integration yields
T(t) and Yi(2).

Note that several batch reactor models may be derived
from Eq. (4). For example, discarding both work and heat
transfer terms results in a fixed-volume adiabatic batch re-
actor model. On the other hand, if slider-crank kinematics
(Heywood, 1988) are used to define V' (¢), then a model
for a crankshaft-equipped HCCI engine results (V' (¢)/v is
constant).

3.2. Heat transfer model

To model heat transfer in a miniature engine, several ap-
proaches with varying levels of complexity may be taken.
To be consistent with the objectives of this study, how-
ever, the heat transfer model should be relatively simple but
capture the surface-area-to-volume ratio dependence. More-
over, conduction from the charge to an isothermal wall repre-
sents a “worst case” scenario in terms of heat loss. Hence we
assume conduction to be the dominant heat transfer mode.

The conduction model is developed thusly. Consider a
combustion chamber of length L and bore B divided into
axisymmetric regions like Fig. 1. Next, the partial differential
equation
10T

i V2T, (5)

_—,‘i

W) b

A

Fig. 1. Axisymmetric region used to develop the conduction model.

is solved within the domain using well-known analytical
techniques and the boundary conditions

T(r,z,0) =T, 7(0,z,¢t) finite,
oT oT
A = Oa Y 0)
0z |, 0¢

B L
T|(—=,z,t|=T,, T\|r—=,t)|=1T,,
2 2

that result from assuming a uniform initial temperature, sym-
metry, and isothermal walls. The solution is

T(r,z,t)

16(To — T'v)

:TW + B

o o (= 1) Jo(Bur) c08(nmz) exp(—a( B2 + m2)t)
Z Z 2m + Dnp.Ji(B.B/2) )

m=0 n=1
(6)

Next, an average wall heat flux is derived by: (1) considering
only the initial rate (¢=0), (2) retaining only the first term of
the double-infinite series i.e., m=0and n=1, (3) computing
the total wall heat flux, and (4) dividing the total wall heat
flux by the surface area of the combustion chamber. This
yields
-1 2kp(To — Ty,) [0.4403327% + 5.09296(L/B)*
1= L 7+ 2n(L/B)

)
One should note that although Eq. (7) is based upon the
premise that r = 0, the expression is quasi time-dependent
because L and k7 vary with time. Also, 7} is equivalent to
the bulk temperature by assumption.
Lastly, the specific heat transfer rate appearing in Eq. (4)
is related to Eq. (7) by

oq surface area \ -»
T (8)
t system mass
where the surface area is given by
BZ
A =2 4 7BL. (9)

2
The relationship between heat transfer and the combustion

chamber geometry may be further explored by substitut-
ing Egs. (9), (7), and the identity L/B = (v/(r — 1))R into
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Fig. 2. Non-dimensional specific heat transfer rate (Z) and surface area

to volume ratio function (¥).

Eq. (8) and rearranging. The result is a non-dimensional
heat transfer rate given by

- B B? oq
EnR)= vkr(To — T,,) dt
= ¥(r,R) {2(;1)}

0.44033272 + 5.0926(FR/(F - 1))2
x { 7+ 2R(R)r — 1)) } (10)

Hence the non-dimensional heat transfer rate is propor-
tional to the non-dimensional surface-area-to-volume ratio
(¥) and depends exclusively upon the compression ratio
and the aspect ratio. For comparison, both = and ¥ are
plotted in Fig. 2. Evidently, large aspect ratios tend to
minimize heat transfer because = decreases with R. More-
over, this effect is greatest for R < 2 and disappears when
R > 3. Thus 2 < R < 3 appears to be optimal. Additionally,
Fig. 2 indicates that this result is essentially independent of
the compression ratio.

3.3. Radical loss model

Diffusion fluxes also increase with surface-area-to-volume
ratio. Therefore assuming that radical recombination
reactions on the combustion chamber walls are mass
transfer-limited, we hypothesize that the frequency of these
events will increase with the surface-area-to-volume ratio.
Thus we model this effect by assuming the walls to be
perfect radical sinks and that diffusion dominates.

Hence diffusion-limited pseudo-reactions such as

H — WALLH, (R1)

involving fictitious species (WALLH) are inserted into the
kinetic mechanism. Next, the heat and mass transfer analogy

is used to obtain pseudo-heterogeneous reaction rates from

Eq. (7) e.g,,

. 2DH— _air {0.440332712 +5.09296(L/B)?
L 7+ 2n(L/B)

[H].
(1)

These rates are subsequently incorporated into the ki-

netic mechanism via pseudo-homogeneous reaction rates
(Schmidt, 1998) such as

A,
o= (Vm) s (12)
where the surface area to volume ratio is given by
Ay 2 4
== 4 . 13

Vi) L + B (13)
Lastly, the following is done to implement radical losses in
SENKIN: (1) “Wall” species are assumed to have thermo-
dynamic properties identical to their authentic counterparts.
(2) Temperature-dependent terms of the pseudo-reaction
rates are included in the kinetic mechanism while pressure
and geometry-dependent parts are incorporated in the source
code. (3) Transport properties of the charge are assumed
identical to air and the Fuller, Schettler, and Giddings (1966)
correlation is used to estimate diffusion coefficients.

4. Factors which affect HCCI in a miniature engine

To achieve HCCI, the charge must be brought by com-
pression to a thermodynamic state such that the ignition de-
lay time is short relative to the residence time. Therefore, in
contrast to typical reaction engineering problems, the bulk
temperature, chemical time, and residence time are vari-
ables. Additionally, HCCI depends strongly upon the initial
conditions and the compression ratio. Hence relationships
between the various parameters and HCCI are seldom ob-
vious and we attempt to clarify them in this section.

Throughout this paper and the previous one, the fuel is
assumed to be propane. Consequently, we used a mecha-
nism developed by Westbrook (1999) and added nitrogen
chemistry (Turns, 2000). The resulting mechanism is com-
prised of 394 species and 1909 reactions. We chose propane
primarily because it has a comparatively low molecular
weight and thus favorable compressive heating characteris-
tics. Propane also exhibits essentially single-stage ignition
due to mild low-temperature reactivity. Hence it offers many
advantages e.g., large compression ratios may be used, for
HCCI applications (Kelly-Zion & Dec, 2000).

4.1. Ignition delay time, equivalence ratio, and
compressive heating

First, consider the chemical time—or in the context of
HCCI—the kinetic ignition delay time. HCCI is not charac-
terized by a fixed ignition delay time because the temper-
ature and pressure of the charge vary during compression.
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Fig. 3. Ignition delay time map for a stoichiometric mixture of propane
and air. Ignition delay times are reported in milliseconds.
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Fig. 4. Ignition delay time map for a mixture of propane and air with
& = 0.2. Ignition delay times are reported in milliseconds.

Temperature- and pressure-dependent ignition delay times
however, may be readily estimated using an homogeneous,
fixed-volume batch reactor model. The results of several
simulations with @ = 1.0 and 0.2 are presented in Figs. 3
and 4, respectively.

According to Figs. 3 and 4, ignition delay times for a given
temperature and pressure increase when the equivalence ra-
tio is decreased. Therefore, if the time available for reaction
and all other variables were fixed, one would expect a stoi-
chiometric charge to ignite sooner than a lean charge. To test
this hypothesis, an adiabatic, variable-volume batch reac-
tor model is used to simulate engine operation with charges
having equivalence ratios of 0.2, 0.4, 0.6, 0.8, and 1.0. The
results are presented in Fig. 5.

Although ignition may be defined in several ways, we as-
sume that ignition coincides with the appearance of a sud-
den temperature rise i.e. a “spike”. Consequently, one may
deduce from Fig. 5 that mixtures with equivalence ratios of
0.2 and 0.4 ignite while the others do not—an unexpected
result.

— ®=0.2
2000 | [ --- ©=0.4
[ -~ ©=06
b ®=0.8
< Y —_ =10
o 1500¢
o}
®
Q
o
§ 1000}
= 1 N\~ N T---
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Non-Dimensional Cycle Time

Fig. 5. Temperature profiles for an adiabatic, variable volume batch
reactor model. Various equivalence ratios are considered for combustion
of propane and air, 7; =400 K, P; = 1 atm, N = 500 Hz, and » =30 is
assumed. The non-dimensional cycle time is defined to be #/fcycle; 0.5
corresponds to the top dead center (TDC) position in slider-crank piston
motion.
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Fig. 6. Isentropic compression temperatures of propane—air mixtures ob-
tained with EQUIL (Lutz, Rupley, Kee, Reynolds, & Meeks, 1998);
T; =400 K and P; = 1 atm assumed.

Of the mixtures considered in Fig. 5, one would assume
from Figs. 3 and 4 that the stoichiometric mixture has the
shortest ignition delay time and therefore it should ignite—
yet it does not. The explanation for this counterintuitive
result is that the charges do not reach the same temperature
following compression. To illustrate, mixture specific heats
increase with equivalence ratio. Consequently for equal
compression ratios, a mixture with @ = 0.4 will have a
greater temperature following compression and therefore a
shorter ignition delay time, than a stoichiometric mixture
(Fig. 6). Incidentally, compressive heating also causes a
mixture with @ = 0.2 to ignite before & = 0.4. One should
note however, that combustion is very weak because there
is little fuel to consume.
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Fig. 7. Temperature profiles for an adiabatic, variable volume batch model.
Various initial temperatures are considered. A stoichiometric mixture of
propane and air with an initial pressure of 1 atm, compression ratio of
30:1, and engine speed of 500 Hz is assumed. The non-dimensional cycle
time is defined to be #/fcycle; 0.5 corresponds to the top dead center
(TDC) position of the piston.

4.2. Initial temperature

Next, the influence of the initial temperature is inves-
tigated using the adiabatic variable volume batch reactor
model. Temperature-cycle time profiles for stoichiometric
mixtures of propane and air are plotted in Fig. 7. For these
conditions, 7; =450 K is evidently the minimum initial tem-
perature for ignition. Also note that if the temperature is
increased beyond this value, ignition occurs sooner in the
cycle, or it is said to be “advanced”. Consequently, this
property is the basis for variable intake temperature control
strategies.

Although the connection between operating parameters
and fuel oxidation kinetics in HCCI is widely recog-
nized, the nature of the relationship is difficult to discern.
One approach to visualize this interaction is to consider
temperature-pressure traces—or trajectories—superimposed
onto ignition delay time maps e.g., Fig. 8. Note that in this
representation, ignition is indicated by a trajectory which
does not terminate.

An examination of the trajectories in Fig. 8 reveals that
the initial temperature affects both the curvature and the ter-
mini of the trajectories. Consequently if the initial temper-
ature were increased, the terminus of a trajectory will be
translated to the right i.e., toward increasingly shorter igni-
tion delay time contours. Therefore, the extreme initial tem-
perature sensitivity of HCCI may be broadly attributed to
the steepness of the ignition delay time surface.

4.3. Initial pressure

The influence the initial pressure is investigated in a sim-
ilar manner. Initial pressures of 1, 2, 4, 5, and 8 atm are
simulated and the resulting temperature—pressure trajecto-
ries are plotted in Fig. 9. Like the initial temperature, the
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Fig. 8. Temperature—pressure trajectories superimposed on the ignition
delay time map for a stoichiometric mixture of propane and air; initial
temperature variations considered. Ignition delay times are reported in
milliseconds.
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Fig. 9. Temperature—pressure paths superimposed on the ignition delay
time map for a stoichiometric mixture of propane and air; initial pressure
variations considered. Ignition delay times are reported in milliseconds.

initial pressure affects both the curvature and termini of the
trajectories. In this case, however, the termini are translated
to the left and virtually parallel to ignition delay time con-
tours. Consequently ignition delay times do not appreciably
decrease when the initial pressure is increased. Therefore,
HCCl is relatively insensitive to the initial pressure. This re-
sult bodes well for supercharging because the power density
can be substantially increased without affecting the ignition
timing.

4.4. Compression ratio

Although fixed in a conventional engine, the compression
ratio is considered here to be an operating parameter. Its
influence on HCCI is also investigated using the adiabatic
variable volume batch reactor model. Results of simulations
with compression ratios ranging from 10 to 50 are presented
in Fig. 10.
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Fig. 10. Temperature profiles for an adiabatic, variable volume batch
model. Various compression ratios are considered. A stoichiometric mix-
ture of propane and air with an initial temperature and pressure of
350 K and 1 atm, respectively. The engine speed is held at 500 Hz. The
non-dimensional cycle time is defined to be #/fcycle; 0.5 corresponds to
the top dead center (TDC) position of the piston.
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Fig. 11. Temperature—pressure paths superimposed on the ignition delay
time map for a stoichiometric mixture of propane and air. Ignition delay
times are reported in milliseconds.

Initially, one may conclude that varying the compression
ratio is equivalent to varying the initial temperature because
Fig. 10 resembles Fig. 7. This supposition, however, is in-
validated upon inspection of Fig. 11. That is, in contrast to
varying the initial temperature, varying the compression ra-
tio preserves the shapes of trajectories and instead defines
where they terminate. Consequently, any properly directed
trajectory can be made to terminate in a region with a suffi-
ciently short ignition delay time by increasing the compres-
sion ratio.

The preceding result is significant because it implies that
ignition can be moderated in a virtually arbitrary manner if
the compression ratio is a variable. To exploit this feature,
however, an engine must have an infinitely variable com-
pression ratio. Free-piston engines satisfy this requirement

and therefore offer great potential to be practical HCCI
engines.

Lastly, variations in the engine speed are considered. Al-
though ignition is not observed when a certain engine speed
is exceeded, engine speed affects neither the shape nor the
termini of trajectories. This result is expected because the
engine speed is akin to a residence time. Therefore, it de-
termines the ignition delay time required for ignition, but
otherwise does not affect HCCI.

5. Operational maps for miniature HCCI engines

The first paper established design maps consisting of com-
binations of compression ratio and aspect ratio for 10 W en-
gines. All combinations of these parameters, however, are
not expected to be serviceable. Consequently, engine de-
signs are classified according to feasibility in this section.

5.1. Radical losses

Despite the enhancement of mass transfer rates by large
surface-area-to-volume ratios, radical losses are found to be
negligible for a 10 W engine. In short, radical removal is
much slower than radical production and ignition proceeds
normally. In light of this result and the enormous computa-
tional effort required to obtain it, radical losses are hence-
forth neglected.

5.2. Operational maps

To systematically evaluate engine designs for compatibil-
ity with HCCI, simulations are conducted in the following
way: First, a set of intake conditions i.e., an initial tem-
perature, pressure, and equivalence ratio, are assumed. Sec-
ond, pairs of aspect ratio and compression ratio (designs)
are selected for evaluation. Third, engine dimensions and
operating speeds are computed for the selected designs us-
ing performance estimation. Fourth, a simulation is con-
ducted. Fifth, the engine design is designated “Ignition” or
“No-Ignition”, depending upon the result of the simulation.
Lastly, indicated fuel conversion efficiencies are computed.
Also, both adiabatic and diathermal cases are considered.

5.2.1. Adiabatic 10 W HCCI engines—cycle and ignition
delay times

An operational map for 10 W engines with ® =0.5, T; =
500 K, and P; =1 atm is presented in Fig. 12. Note that this
map corresponds to the design map presented in the first
paper and that values for the intake parameter ({ = p;/p,P),
are given for comparison.

Consistent with our expectations, not all engine designs
in Fig. 12 are serviceable. In this case, the incompatibil-
ity of HCCI and engine designs may be attributed entirely
to time effects i.e., cycle and ignition delay times, because
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Fig. 12. Operational map for an adiabatic 10 W miniature HCCI engine

operating with propane and air; #=0.5, 7;=500 K, and P;=1 atm ({=0.3)

is assumed. Contours indicate V; in mm?.
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Fig. 13. The compressive heating of a stoichiometric propane-air mixture
(P; =1 atm).

heat transfer is excluded. First, consider the non-dimensional
cycle time given by
Up

QR)= NE = 2R. (14)
This parameter depends exclusively upon the aspect ratio
and demonstrates that the cycle time (1/N), is directly pro-
portional to R when Up, {, and r are fixed (B = B(r,()).
Hence along the line » =15, R =15 corresponds to the mini-
mum cycle time (maximum engine speed) that is compatible
with HCCI under these conditions; specifically, it is 5 ms
(N =202 Hz). Similarly, R=1 and 0.5 yield minimum cycle
times of 0.95 ms (N =1050 Hz) and 0.46 ms (N =2200 Hz)
when » = 20 and 30, respectively.

Next, ignition delay times decrease with compression ra-
tio because compressive heating increases. Consequently,
minimum cycle times also decrease with compression ratio.
To illustrate, Figs. 13 and 14 show that compressive heating
depends upon the equivalence ratio, initial conditions, and
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Fig. 14. The compressive heating of propane—air mixtures (7; = 300 K
and P; =1 atm).
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olr

Fig. 15. Operational map for a 10 W miniature HCCI engine operating

with propane and air; @ = 0.5, 7; = 500K, P; = 1 atm ({ = 0.3), and

T,, = 300 K is assumed. Contours indicate V; in mm?.

compression ratio, but not the aspect ratio. Hence vertical
lines in Fig. 12 correspond to fixed post-compression tem-
peratures and thus represent constant ignition delay times.

To conclude, the compatibility of an engine design with
HCCI implies that the cycle time exceeds the ignition de-
lay time. Cycle times increase with R along lines of con-
stant compression ratio. Ignition delay times decrease with
compression ratio, but are constant along lines of constant
r. Designs such as » = 15 and R = 5, indicate that the cycle
time slightly exceeds the ignition delay time. Therefore, any
design having » > 15 and R > 5 will be compatible with
HCCI; similar arguments apply to the designs r =20, R=1,
and »r =30, R=0.5.

5.2.2. Heat transfer

Heat transfer further constrains operational maps because
it offsets compressive heating. This effect is illustrated in
Fig. 15 where a wall temperature of 300 K is assumed. Note
that both Figs. 12 and 15 have a similar appearance, but the
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Fig. 16. Operational maps for a 10 W miniature HCCI engine operating
with propane and air, ¢ =0.5, P; =1 atm, and 7,, =300 K are assumed.
The shaded areas indicate regions of operation. Also note that although
cylinder volumes are not shown, they vary with the initial temperature.
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Fig. 17. Operational map for a 10 W miniature HCCI engine operating
with propane and air, 7;=500 K, P;=1 atm, and 7}, =300 K are assumed.
The shaded areas indicate regions of operation. Also note that although
cylinder volumes are not shown, they vary with the equivalence ratio.

designs (r =20,R =1) and (» = 30,R = 0.5) are excluded
from the region of operation. Thus, post-compression tem-
peratures are sufficiently reduced that ignition does not oc-
cur. Alternatively, the design (» = 15,R =5) is included in
the regions of operation in both Figs. 12 and 15; hence this
limit is a result of time effects.

5.3. Intake conditions and operational maps

Initial conditions also affect engine operational maps. To
illustrate, operational maps corresponding to initial tem-
peratures of 400, 450, and 500 K are presented in Fig. 16.
Also, equivalence ratios are held at 0.5 to facilitate compar-
ison to Fig. 12, but one should recognize that each plane ap-
pearing in Fig. 16 represents an engine design map because

A |gnition B
® No Ignition

R, Aspect Ratio

r, Compression Ratio

Fig. 18. Operational map for a 1 W miniature HCCI engine operat-
ing with propane and air, & = 0.5; ¥; in mm?, intake conditions of

T; = 500K, P; = latm ({ = 0.3), and T, = 300 K assumed. Contours

indicate 7; in mm3.

cylinder volumes and operating speeds vary with the initial
conditions. According to Fig. 16, decreasing the initial
temperature contracts the boundaries of operational maps.
This result is expected because the termini of temperature—
pressure trajectories are translated into regions with longer
ignition delay times (Fig. 8).

Next, initial temperatures are held at 500 K but equiv-
alence ratios of 0.2, 0.5, 0.8, and 1.0 are considered. The
resulting maps are plotted in Fig. 17 and the equivalence ra-
tio is again observed to have a counterintuitive effect. That
is, regions of operation are extended when the equivalence
ratio is decreased. This effect is a attributable compressive
heating, but one should again recognize that combustion be-
comes very weak when the equivalence ratio is reduced.

5.4. How small can an engine be?

Thus far, effects of heat transfer have been relatively
small. According to Eq. (10), however, the specific heat
transfer rate greatly increases when the engine size or
aspect ratio is reduced. Therefore, one may hypothesize
that heat transfer will ultimately limit the engine size.

To substantiate this hypothesis, simulations are conducted
with fixed initial conditions and the power output con-
strained to be 1 or 0.1 W. When this is done, performance
estimation demands that characteristic dimensions decrease
and operating speeds increase. For example, a 10 W engine
with R = 5 and » = 20 has a bore of 4.8 mm and operates
at 209 Hz. A 1 W version, however, has B = 1.5 mm and
N = 662 Hz while a 0.1 W version has B = 0.5 mm and
N = 2095 Hz. Consequently, reducing the engine size im-
mediately implies that ignition delay times must decrease
and one would expect that greater compression ratios will
be necessary.

An operational map for a 1 W engine is presented in
Fig. 18. In comparison to Fig. 15, the region of operation
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Fig. 19. Operational map for a 1 W miniature HCCI engine operating
with propane and air, ®=0.5; ¥, in mm?, intake conditions of 7; =500 K
and P; =1 atm ({ = 0.3) and adiabatic is assumed. Contours indicate V;

in mm?3.
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Fig. 20. Operational map for a 0.1 W miniature HCCI engine operating

with propane and air, ®=0.5; V; in mm?, intake conditions of 7; =500 K,

P; =1atm ({=0.3), and 7, = 300 K assumed. Contours indicate V; in
3

mm°.

is significantly reduced. To determine the degree to which
heat transfer is responsible, corresponding adiabatic cases
are plotted in Fig. 19. Immediately, one notices that heat
transfer increases the minimum aspect ratio that is compat-
ible with HCCI. For example, when » = 20 this threshold
increases from R > 5 in Fig. 19 to R > 10 in Fig. 18. Addi-
tionally, heat transfer excludes designs with R < 2 regard-
less of any compression ratio considered.

Similarly, an operational map for a 0.1 W engine is
presented in Fig. 20. Again, the region of operation is sub-
stantially reduced in comparison to Figs. 18 and 15. In fact,
compression ratios less than 50 are infeasible. Examining
the adiabatic cases in Fig. 21 reveals that the reduced re-
gion of operation is largely attributable to heat transfer.
Hence the minimum engine size is essentially limited by
heat transfer and the essence of the hypothesis is confirmed.

A
A/A
° A |gnition |
= o
s e [ J NQ Ignition
g S oA a4
g oF : -
4 [ —
@ 0.23 A A
2 - ’ : A  Eeamm—
e e —@ &AM TTA
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r, Compression Ratio

Fig. 21. Operational map for an adiabatic 0.1 W miniature HCCI engine

operating with propane and air, & =0.5; V; in mm?, intake conditions of

T; =500K and P; = 1 atm ({ = 0.3). Contours indicate V; in mm3.

One should note, however, that an absolute minimum en-
gine size has not been established because effects of many
parameters have not been considered.

6. Miniature HCCI engine performance

Although operational maps establish where in the engine
design space one may operate a miniature HCCI engine,
they do not provide any guidance with regard to selecting a
design. To that end, power density maximization is consid-
ered here.

Recall that power density P; = P/V;, depends upon the
compression ratio, aspect ratio, and initial conditions. This
dependence is illustrated in Fig. 22 for @ =0.5, T; =500 K,
and P; = 1 atm ({ = 0.3). Evidently, the power density is
maximized for large compression ratios and small aspect
ratios—a conclusion reached in the first paper. Moreover,
the aspect ratio dependence is strongest.

=
o

R, Aspect Ratio
P N W b OO N 0O ©

r, Compression Ratio

Fig. 22. Power density, P; (W/cm?) for a 10 W engine operating with a
mixture of propane and air, ®=0.5, 7; =500 K and P; =1 atm ({=0.3).
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Fig. 23. The indicated fuel conversion efficiency 10 W miniature
HCCI engines operating with propane and air; @ = 0.5, 7; = 500 K,
P;=1atm ({=0.3), and T, =300 K is assumed. Note that “Estimated”
refers to the performance estimation result.

In the first paper, we argued that power density is max-
imized when the initial temperature is minimized and the
initial pressure, equivalence ratio, and fuel conversion ef-
ficiency are maximized. According to Figs. 16 and 17,
however, regions of operation are largest when the ini-
tial temperature is maximized and the equivalence ratio
is minimized. Unfortunately, both situations decrease (
and therefore decrease power density. Consequently en-
gine operational space is extended at the expense of power
density. Of note, this may be mitigated to some extent by
supercharging, but we shall not consider it here.

Next, fuel conversion efficiencies are considered. Efficien-
cies corresponding to Figs. 12 and 15 are plotted in Fig. 23.
Note that the efficiencies are bracketed by the Otto cycle ef-
ficiency (y=1.3) and the fuel conversion efficiency assumed
during performance estimation (“Estimated”).

Several trends may be observed in Fig. 23. First, with
the exception of cases in which the charge did not ignite
(17e,i = 0), indicated fuel conversion efficiencies exceed
the estimated efficiency. Consequently, one may surmise
that indicated fuel conversion efficiencies are generally
under-predicted by the performance estimation process and
engine designs are somewhat over-sized. Second, the Otto
cycle predicts that the indicated fuel conversion efficiency
increases monotonically with compression ratio. Instead,
efficiencies are maximized at approximately » = 20—a
result shared by full-size engines. Third, heat transfer de-
creases efficiencies and this effect is most pronounced for
small aspect ratios—both expected results. For example,
heat transfer causes the case » = 40 and R = 1.0 to have
the smallest observed efficiency. In contrast, the greatest
efficiencies are observed when R = 1.0 and the engine is
adiabatic. Therefore, from the perspective of maximiz-
ing the indicated fuel conversion efficiency—and thus the
power density—an “optimal” engine design for this set of
operating parameters would be » =20 and R = 5.

10 15 20 25 30 35 40
r, Compression Ratio

Fig. 24. The indicated fuel conversion efficiency 10 W miniature
HCCI engines operating with propane and air; @ = 0.2, 7; = 500 K,
P;=1atm ({=0.12), and T,, =300 K is assumed. Note that “Estimated”
refers to the performance estimation result.

When the equivalence ratio is reduced to 0.2 (Fig. 24),
many of the same trends may be observed. In fact, even
greater efficiencies are achieved. The Otto cycle efficiency,
however, is slightly exceeded—an improbable result. Subse-
quent comparisons between the air-standard Otto cycle and
simulated P—V diagrams revealed that y = 1.35 is a better
choice when @ =0.2. Whereas we assumed y = 1.3 through-
out.

Although the leanest cases (® = 0.2) yield the great-
est fuel conversion efficiencies, they also feature the small-
est power density. Unfortunately, increased efficiencies are
not able to offset this result and supercharging is likely to
be a necessity should very lean mixtures be used. In con-
trast, if @ = 1.0 is employed to maximize power density,
then efficiencies are noticeably smaller than @ = 0.5 or 0.2
(Fig. 25). Consequently a tradeoff exists between indicated
fuel conversion efficiency and power density.
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Fig. 25. The indicated fuel conversion efficiency 10 W miniature
HCCI engines operating with propane and air; ¢ = 1.0, 7; = 500 K,
P;=1atm ({=0.6), and T),, =300 K is assumed. Note that “Estimated”
refers to the performance estimation result.
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7. Conclusion

This paper has established operational maps for 10 W
HCCI engines using performance estimation and models
for HCCI combustion in small scales. HCCI combus-
tion was modeled using detailed chemical kinetics in a
variable-volume batch reactor while small-scale effects
were incorporated via diffusion-based sub-models for heat
and mass transfer. Operational maps were found to fea-
ture distinct boundaries between feasible and infeasible
designs; a lengthy analysis followed. Additionally, size
limitations for miniature HCCI engines were explored by
considering power outputs of 1 and 0.1 W. Finally, the
performance of miniature HCCI engines with regard to
power density and indicated fuel conversion efficiency was
investigated.

Significant results arising from the establishment of op-
erational maps and the performance analysis include:

e Radical loss is negligible for a 10 W engine.

e For a 10 W engine, the boundaries of the operational
zones are largely determined by the interaction of cycle
time and compressive heating. Also ignition is most likely
when the aspect ratio, R and the compression ratio, r are
large.

e Heat transfer is greatest for small aspect ratios e.g., R < 4.

e A minimum HCCI engine size exists; it is determined by
heat transfer.

e Increasing the initial temperature extends the boundaries
of engine operation, but decreases power density.

e Decreasing the equivalence ratio also extends regions of
operation and decreases the power density.

e The performance estimation method employed in the pre-
vious paper generally underpredicts the indicated fuel
conversion efficiency—iteration is required.

e Heat transfer reduces indicated fuel conversion efficien-
cies.

o Like full-size engines, indicated fuel conversion efficien-
cies do not increase monotonically with compression
ratio.

e The indicated fuel conversion efficiency depends upon
the aspect ratio. Small aspect ratios yield the greatest effi-
ciencies for adiabatic engines; heat transfer reverses this
trend.

o Indicated fuel conversion efficiencies are greatest for lean
mixtures. This effect, however, is not capable of offsetting
the corresponding reduction in power density.

e In general, the extent of the engine operational space may
be increased at the expense of power density.

Additionally, aspects of HCCI combustion were investigated
using detailed chemical kinetics and adiabatic batch reactor
models. Specifically, the significance of compressive heat-
ing was demonstrated and the interaction between engine
operating parameters and chemical kinetics was explored.

The salient findings of the investigation include:

e Compressive heating is a crucial effect and yields the
counterintuitive result that a lean mixture can ignite be-
fore a stoichiometric mixture.

o The initial temperature affects the curvature of temperature—
pressure trajectories and translates their termini toward
shorter ignition delay times. The initial pressure has a
similar effect but with one key difference: The termini
are translated virtually parallel to the ignition delay time
contours. Due to the topography of the delay time sur-
face, HCCI is relatively insensitive to the initial pressure
and very sensitive to the initial temperature.

e The compression ratio defines the termini of temp-
erature—pressure trajectories and does not affect their cur-
vature. Consequently ignition may be achieved with an
otherwise incompatible combination of cycle time and
intake temperature by increasing the compression ratio.
Little else however, is affected.

e Free-piston engines are a very promising HCCI engine
concept because they feature variable compression ra-
tios and can thus exploit the unique relationship between
HCCI and compression ratio identified in this paper.

Lastly, the preceding analysis applied to crankshaft-
equipped engines. Future work will abandon this assump-
tion and couple HCCI and free-piston motion. Additionally,
Aceves et al. (2000) demonstrated that charge inhomo-
geneity has a significant effect upon rates of pressure rise
and therefore engine performance. Assuming that these
effects increase with surface-area-to-volume ratios, they
may ultimately constrain the combustion chamber dimen-
sions. Consequently a multi-zonal formulation must also be
considered in the future.

Notation

A surface area, Eq. (9), m?

B cylinder bore, mm

DH——Air binary diffusion coefficient, Eq. (11), cm?/s

Jo zero-order Bessel function of the first kind,
Eq. (6)

Ji first-order Bessel function of the first kind,
Eq. (6)

k subscript for a species, Eq. (1), unitless
kr thermal conductivity, Eq. (7), W/mK

L combustion chamber length, mm

m summation index, Eq. (6), unitless

M, molecular weight of species k, Eq. (1), g/mol
n summation index, Eq. (6), unitless

N engine speed, Eq. (14), Hz

N total number of species, Eq. (3), unitless
P, power density, (P/V; = 4P/nRB*), W/cm?
specific heat transfer, Eq. (2), kJ/kg
average heat flux, Eq. (7), W/m?

</
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r radial coordinate or compression ratio

rR1 pseudo-homogeneous reaction rate, Eq. (12),
mol/cm’s

Ry heterogeneous reaction rate, Eq. (11),
mol/cm?s

R stroke to bore aspect ratio (%), Eq. (10),
dimensionless

S piston stroke, m

t time, Eq. (1), s

T temperature, Eq. (4), K

Ty uniform wall temperature, Eq. (5), K

Ty uniform initial temperature, Eq. (5), K

u specific internal energy, Eq. (2), kJ/kg

Uy internal energy of species &, Eq. (3), kl/kg
U

» mean piston speed, Eq. (14), m/s
v specific volume, Eq. (1), m?/kg
V(t) time-dependent combustion chamber volume
m3
v total cylinder volume (nB%L/4), mm?
w work per unit mass, Eq. (2), kJ/kg
Y mass fraction of species k, Eq. (1), unitless
z axial coordinate

Greek letters

o thermal diffusivity, Eq. (5), m?/s

i eigenvalue defined by Jy(f,B/2)=0, Eq. (6)

Y mixture specific heat ratio, dimensionless

4 intake parameter ((p;/p,)®), dimensionless

e fuel conversion efficiency of the engine cycle,
dimensionless

N eigenvalue given by (2m + 1)n/L, Eq. (6)

il non-dimensional specific heat transfer rate

(E(r,R) = B?[vkr(Ty — T,,)dq/dt), Eq. (10)

i density of air at the intake, kg/m?

Do density of air at 300 K and 1 atm, kg/m?

4 non-dimensional surface-area-to-volume ra-
tio
(Y(r,R)=BA/V), Eq. (10)

o molar production rate of species k, Eq. (1),
mol/cm?3s

Q non-dimensional engine speed

(QR)=U,/NB=2R), Eq. (14)
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