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Homogeneous Charge
Compression Ignition Engine:

A Simulation Study on the Effects
of Inhomogeneities

A stochastic model for the HCCI engine is presented. The model is based on the PaSPFR-
IEM model and accounts for inhomogeneities in the combustion chamber while including
a detailed chemical model for natural gas combustion, consisting of 53 chemical species
and 590 elementary chemical reactions. The model is able to take any type of inhomoge-
neities in the initial gas composition into account, such as inhomogeneities in the tem-
perature field, in the air-fuel ratio or in the concentration of the recirculated exhaust gas.
With this model the effect of temperature differences caused by the thermal boundary
layer and crevices in the cylinder for a particular engine speed and fuel to air ratio is
studied. The boundary layer is divided into a viscous sublayer and a turbulent buffer zone.
There are also colder zones due to crevices. All zones are modeled by a characteristic
temperature distribution. The simulation results are compared with experiments and a

previous numerical study employing a PFR model. In all cases the PaSPFR-IEM model
leads to a better agreement between simulations and experiment for temperature and
pressure. In addition a sensitivity study on the effect of different intensities of turbulent

mixing on the combustion is performed. This study reveals that the ignition delay is a

function of turbulent mixing of the hot bulk and the colder boundary layer.
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portant in the combustion process. However, the numerical cost,
to study chemical reactions together with all aspects of flow in
detail, is high and simplifying assumptions have to be introduced.
In this paper, we assume that chemical species and temperature
are random variables with a probability density functi®@DF)

Yhat does not spatially vary in the combustion chamber. As in the

ﬁomogeneous PFR model the combustion chamber is modeled by

is used. The homogeneous mixture is created in the intake sys iy one zone, but the gas temperature and composition can
as in a Sl engine, using a low-pressure injection system or Victuate '

direct inject.ion with very early.injection timing. To limit the rate " o purpose of this paper is to introduce a new simulation
of combustion, very diluted mixtures have to be used. Compargehje| featuring the partially stirred plug flow react®aSPFRas
to the_dlesel engines, the HCCI has a nearly homqgeneous cha§@€cribed in Refd4], [5]. Numerical simulations of the ignition
and virtually no problems with soot and N@rmation. On the o qcess in the HCCI engine will be performed using a detailed
other hand, HC and CO levels are higher than in conventional &lemical model for butane and lower alkanes in the framework of
engines. Overall, the HCCI engine shows high efficiency ande pasprR. The reaction mechanism contains 53 chemical spe-
fewer emissions than conventional internal combustion enginégies and 590 elementary chemical reactions. A simple determinis-
The efficiency of the HCCI engine has previously been showjy |Ep model is used to describe the unclosed term for turbulent
by a number of experiments. Parts of the experiments have begpromixing in the PaSPFR.
complemented by numerical studies modeling the engine as a plugrhe pasPFR model, taking fluctuations in temperature that are
flow reactor(PFR, [1,2]. In these simulations the ignition delayingyced by the colder thermal boundary layer into account, will be
times for a set of different parameters were investigated. The igseq in an attempt to improve on previous numerical simulations
sults indicate that local inhomogeneities are responsible for diffejt the HCCI process|[1,2]. The results of the new PDF-based
ences between measurements and simulation results. model and the old PFR model are compared to experiments in
_ One way of accounting for these inhomogeneities is to use Migefs [1,2]. Additionally, we perform a sensitivity study on the
tiple zones to model boundary layer effects. Such work has rgfluence of turbulent mixing on ignition delay. The effect of dif-
cently been performed using a 10 zone-model for the HCCI efisrent mixing intensities on the mean of temperature and pressure
gine,[3]. This model is not able to take fluctuations in the zonegs well as their standard deviatiGBTD-DEV) will be discussed.
into account and the chemical source terms are calculated by usThjs discussion is limited to the effect of an assumed initial
ing the means of temperature and gas composition in the zonegefhperature inhomogeneity. The question how the mixing effects
more sophisticated way is to use a model that is based on fhg development of the inhomogeneity will be matter of a later
probability density function of the physical variables that are inpyplication.

Introduction

The homogeneous charge compression ignitld€ClI) engine
is a promising alternative to the existing spark igniti@i) en-
gines and compression ignitigqi€l) engines. As in a diesel en-
gine, the fuel is exposed to sufficiently high temperature for al
toignition to occur, but for HCCI a homogeneous fuel/air mixtur
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Table 1 Volvo TD100 engine parameters 2200 [

Displaced Volume 1600 cin | | — ~ mean
Bore 120.65 mm 2000 -] — single cycle
Crank radius 70 mm [ o i
Stroke 140 mm s . cal(?u ateq
Connection rod 260 mm 1800 | : : :
Exhaust valve open 39 deg BBD@t 1 mm lift) [
Exhaust valve close 10 deg BTD@t 1 mm lift) Q H
Inlet valve open 5 deg ATDGat 1 mm lift = 1600 |
Inlet valve close 13 deg ABDCat 1 mm liff) & I

1400

fied for one-cylinder use, and converted to HCCI operation. The 1200 |
engine data are given in Table 1. The simplest possible combus- I 5 : ; | 5
tion chamber geometry is used, i.e., a flat piston crown giving a 1000 bl bl b i b

pancake combustion chamber. Common, commercially available 20 -15 -10 -5 0 5 10 15 20
natural gas is used as fug2]. The major compound of the natural ]
gas is methane. The content of higher hydrocarbons such as Time (CAD)

ethane, propane, and butafgee Table 2 for detailsis non- ) )

negligible. In Ref.[1] it was demonstrated that the amount ofig- 1 Numerical results from the PFR model compared with
butane in the natural gas is the most sensitive parameter in HCperiments. The TD100 engine is in this case run at 1000 rpm
combustion with natural gas. and ¢=0.368. The jagged line represents results from a single

The engine is run on natural gas at fuel-air ratiospef0.30— sgfﬁg:]nemal engine cycle and the broken line is its smoothed
0.45. Four different engine speeds are used: 800, 1000, 1200, an '

1400 rpm. These engine speeds are chosen as being representative

for normal use considering that maximum torque for a norm
Cl-operating TD100-series diesel is achieved at 1400 rpm and

engine idle speed is 475-525 rpm. In this work we will focus o
the operating conditions stated in Table 3, measured at 60 C
BTDC.

The detailed reaction mechanism for natural gas that was used < inad crank-angle degree60 CAD).

in the PFR model predicts the ignition timing correctly. This is The thickness of this thermal boundary layer has been investi-
shown in Fig. 1. Th_e oscillations in the single_cycle curve are d ted experimentally on the TD100 series engfiié, These ex-
to pressure oscillations. The temperature profile has not been fiments suggest that the thickness of the boundary layer is ap-
sured but wa.s.evaluated from the préssure t'ransducer meas FSS(imater three millimeters. This result coincides with findings
ment. The origin of the pressure oscillations is not fully unde fom Heywood[8] for the general case. For the current HCCI
stood. The rate of combustion is most likely so fast that th(gn ine setup a boundary layer of 3 mm corresponds to approxi-
pressure gradient in the cylinder generates vibrations in the engjiigie) 1504 of the displaced cylinder volume. Since the boundary
structure. These then re_sult' In vc_)lume changes_ln t'he cyl_lnder 440er is assumed to be significantly cooler than the bulk gasses,
hence in pressure oscillatioriprivate communication with B. 54 ihe average density in the boundary layer is about twice that
Johansson in the bulk, the total gas mass in the boundary layer will be about
Modeling the Boundary Layer ilnsgé(\)/fi’?ésAddltlonally we have to account for colder fluid parcels
As stated above, the assumption of homogeneity is responsiblérhe boundary layer can be described by applying theories for
for the rapid temperature rise during ignition or in other wordshe flow of a fluid passing a solid surface. It is assumed that it
very short combustion duration. In Réf] it was found that the consists of a thin film layer immediately adjacent to the cylinder
time of autoignition is mainly dependent on the fuel qualitg- wall plus a “buffer zone” between this and the turbulent bulk
tane numberand to a lesser extent on initial temperature anflow, [9]. The crevices are represented by the first five particles
fuel/air equivalence ratio. and the film layer corresponds to particle numbers 6 to 15 as
In Ref.[6] it has been shown that, for the engine under considilustrated in Fig. 2. Within the film layer we have a strong in-
eration in this paper, inhomogeneities in the fuel charge have only
a modest effect on the combustion process. We therefore assume

at the inhomogeneity in the temperature field, caused by the
?Xing of the colder gases in the boundary layer into the bulk gas,
the most sensitive on the combustion duration. To investigate
e influence of the temperature inhomogeneity we model the ex-
istence of a colder boundary layer of gas near the cylinder wall at

650 L i
Table 2 Natural gas components
Component Mole—% Mass—% 600 2
Methane 91.3 81.0 <
Ethane 5.0 7.9 = 550 Buffer zone
Propane 1.8 4.2 =
n-butanerhigher 1.0 4.7 [
Nitrogen 0.3 0.9 500 L
Carbon dioxide 0.6 1.2 ]
Table 3 Initial values for the simulations of engine case (60 450 - 8 16 54 32 40 48
CAD BTDC) ;
Particle number
CR T (K P (BAR RPM
¢ ® ( ) Fig. 2 Temperature distribution in the boundary layer. The
0.368 17.30 664 4.40 1000  temperature increases from the wall temperature and asymp-
totically approaches the bulk gas temperature.
Journal of Engineering for Gas Turbines and Power APRIL 2003, Vol. 125 / 467
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crease in temperature. This is reflected by the large varianceanfd the corresponding joint scalar mass density fundti¢didF) is

temperature of the film layer particles. In the viscous sublayagiven byF4(WV,, ... Wg,1;t) assuming spatial homogeneity as

heat is transferred primarily through conduction. proposed in the PaSPFR model. Its time evolution is given by the
As one approaches the bulk of the cylinder the temperatui@lowing MDF-transport equation:

increases asymptotically towards the bulk gas temperdtilus- P p

trate_d by the “Buffer zone” in Fig. 2 In Fig. 2 the wall tempera- _ — Fo(Wit)+ —— (Q,(W)Fo(W;1))

ture is 450 K and the hot bulk gas is 650 K. The boundary layer is at AS

modeled using 50 fluid particles representing the 3 mm radius

. - d [1C
adjacent to the cylinder wall. = 2222y (. :
(9\I’i 2 - (\I’I <®I>)F¢(q’vt) ’
. ) where the initial conditions are given &%,(W;0)=Fy(W¥). The
Turbulent Phenomena in the Engine brackets(-) denote the mean according @, and C,/7 is a

Experimental results performed on the Volvo TD100 series efeasure for the intensity of scalar mixing. The model consignt
gine give a quantitative description of the turbulent flow charads set to 2.0[11] and the turbulent time scale is estimated from the
teristic in the cylinder[10]. These experiments have been perexperiment as discussed above. The right-hand side of MDF-
formed under inert or motored conditions and in lean SI mode. fFRNsport equation describes the mixing of the scalars by turbulent
the following we assume that the turbulence characteristics for tffusion. This model is called IEM model and is known to have
engine in HCCI mode are comparable to these results. This 8¢me deficiencies. It was chosen due to its simplicity and low
sumption is justified by the fact that the same pancake shapdiémerical costsee details in Ref4]). The termQ; describes the
combustion chamber is used in the two setups and that there isGh@nge of the MDF due to chemical reactions, change in volume,
influence on the flow from a propagating flame front in the mand heat losses.

tored case. M R
The fluctuating velocity component is defined by the turbulence Q i 2 vow =1 S
. . , i y (W had| 3 r ey
intensityu’ as P iz
i 1 RT| M < dv
u’=lim —f u2dt) - AR I} oo P dv
tﬂw(t to Qs+1 c, ZL h; M, p 121 V"'w'+mcu dt
and the integral length scaleis defined as 1
w —m—(aA(T—TW)+aé(T4—T3V))
= f R,dx, G
0 The convective heat transfer coefficient is obtained from the

whereR, is the autocorrelation coefficient of the fluctuating veYVOSChni equatiori8], o is the Stefan-Boltzmann constant and the

locity. We assume that the turbulent scalar time scale is related'@§liation coefficient of water and carbon dioxidg12], is used.

the fluctuating velocity component by a proportionality constanpesides the MDF transport equation the time evolution of the
9 y P y aprop y global quantities has to be computed. The change of volume

T 11 V(O (t)) in terms of CAD is given by
=g, C,u 2

¢ ¢ 7B
V(O(1)=Ve+ —,

as in[8]. Mean density can be calculated as

(I+a—a-cogI?—a? sir? O(t))*?

whereC, is a model constant. The turbulent energy dissipation
ratee is given by

"3
(u)® N
I (p(t))= VD
Measurements of turbulence intensity in the cylinder show fluc- L .
tuations in the range of 0.5-0.9 m/s from 20 CAD BTDC tdressure is given by the ideal gas law
20 CAD ATDC. The integral length scale is in the range of R(T)
10-18 mm. This gives a turbulence mixing time scale in the order p(t)={(p(t)) ™
of 0.01 s and a dissipation rate in the order of 18sh (M)

e=

where(T) is the mean temperature according to the MDF and
(M) is the expected mean molecular weight. These equations as
The Stochastic Reactor Model well as the transport equation of the MDF have to be solved
simultaneously. For this work the stochastic reactor model is
m{plemented into the existing code for the calculation of ignition
processes in HCCI engind4,,2], and in the end gas of S| engines
Q" described if13,14]. The solution procedure is based on a
hastically weighted particle method and a higher-order opera-
tor splitting technique. The stochastic particle ensemble approxi-
%f&tes the MDF. Each stochastic particle is associated with certain
temperature and fluid composition and is thereby related to a fluid
rI:Sarticle. Details of the numerical procedure will be published
Oseparately.

As discussed in the Introduction, we use a stochastic reac
model PaSPFR-IEM from Ref4] to describe the influence of
inhomogeneities on the combustion process. The assumption
homogeneity for species mass fractions and temperature that
been made previously ifil] is replaced by the assumption of
statistical homogeneity. This means that the joint scalar PDF d
not vary within the combustion chamber.

In the following, we distinguish between global and local qua
tities. Global quantities are masg volume V(t), mean density
(p(1)), and pressur@(t). We assume that global quantities d
not vary spatially in the combustion chamber. Local quantities are
chemical species mass fractiowigt), i=1,....S and tempera- |njtial Conditions
ture T(t). They can vary within the combustion chamber and are

: R, -~ The simulations for the autoignition process were made using
m random variables. Their joint random v r.is,. . .
assumed to be rando ariables eir joint rando ecto |ns|t|al values obtained from the experiments at 60 CAD BTDC

defined as described in Table 3. The species composition in the boundary
O(t)=(Py, ... Psr)=(Yy, ... .Ys,T), layer and the bulk is assumed to be homogeneous at 60 CAD
468 / Vol. 125, APRIL 2003 Transactions of the ASME
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810° N 2200 [y
L —— Experiment : i ] i Experiment : i ;
7 108 [L...| S Freviousmadel | I/ NG e ] 2000 || —=— Previous model |- if e
—0—3 pan!cles ! F | —o— 3 particles :
r —>—5 pan!cles : ; : ] [ —>—5 pan!cles
6 106 ro 7 particles i N 1 1800 - —+—7partices | I/ i TN
& 51408 Lo < 1600 — ——————————— ————————— rrrrrrrrrrr rrrrrrrrr
o S : ‘ ; ; AW = o 5 S P
R A T
310° 200 o ]
2106,\\1\\\ 1000_H.i...,'.‘.l\.‘.>ﬂ."iHH\‘.;.f
20 -15 10 -5 0 5 10 15 20 20 15 10 -5 O 5 10 15 20
CAD CAD
Fig. 3 Pressure history. Results from the new model with Fig. 4 Temperature history. Results from the new model with
varying number of particles are compared to experimental data varying number of particles are compared to experimental data
and a previous model result. and a previous model result.

BTDC. During the process inhomogeneities will develop, causéghe model. Therefore the simulated temperature is not directly

by the inhomogeneous combustion process. The only scalar Vgﬁ_mparable to the experimental results in this figure.

able that is assumed to be inhomogeneous at 60 CAD BTDC iSFigure 5 illustrates the standa_rd deyiati(ﬁ;lTD_-DE\/) of the
the temperature. The initial MDF is given by calculated temperature for the simulation. Again the number of

fluid particles representing the viscous sublayer of the film layer is

BL. varied from three to seven. The STD-DEV is slowly decreasing

Fo(W) =, w50 — M) 4 yp(BLED sy —p(BLH 1)) during the first inert part of the compression stroke due to the
n=1 -~ temperature mixing of fluid parcels in the bulk and in the bound-

BoundaryLayer BL ary layer. At around three CAD BTDC the bulk ignites which

leads to a rapid increase of STD-DEV. While the ignition process
The weightsw(™ are chosen to be is progressing the STD-DEV decreases until most of the boundary
m layer has ignited. The difference in STD-DEV between the time

—Bl.n=1...  BL before ignition and after ignition indicates that not all parts of the

wW=1 BL Y boundary layer are fully burnt.
Mgy :N=BL+1 Generally one can conclude from these first results that the

implementation of the SRM greatly improves the numerical simu-
. n . lation of the HCCI process. The IEM mixing model describes
comb_ustlon chamber. The s_cala[{{ ) for j=1,... S are the ixing adequately if the initial distribution of particles in crevices
chemical species mass fractions and are all set to the same Va.THﬁ boundary layer is sufficiently good. In the following sections
to meet the conditions in Table 3 The tempgrature in the boundafys fig particles are chosen to represent the laminar part of the
layer (BL) W), :n=1, ... BL is setaccording to the tempera- fiim |ayer.

ture profile displayed in Fig. 2. The temperature in the bulk

W{), :n=BL+1 is set to a value to match the initial mean temSensitivity Study

perature in the combustion chamber. For the present case wi
model the boundary layer by choosing a turbulent mixing time
scale(7) of 0.02s and 20% of the total gas mass in the bounda"&rxn
layer.

with m=mg_+ my, being the mass of the fuel-air mixture in the

Th this section, we study the effects of varying the turbulence
e scale(which is related to turbulence intensitgs predicted

Results and Discussion 500 ¢ ‘g : 5 5 [ |

In the following section we demonstrate the capabilities of thX. L[ T2 3partices g , ; ; ]
new model and compare numerical results with experimental di¢® 400 173 3::.:2;: """"" AN P e ]
and results from the previous homogeneous model described% :
[1]. In the reference case described in Table 3 the engine is opg
ating at 1000 rpm with a fuel/air equivalence ratio of 0.368. g-

Figure 3 illustrates the pressure history for the reference ca g r
The number of fluid particles representing the viscous sublayery 200 |
the film layer and the crevices is varied from three to seven. Tt>
shape of the ignition curve is independent of the number of co"'DJ i : ;
particles in this part of the film layer but ignition timing andd& 100 |- o
maximum pressure is affected. Choosing five fluid particles givi= i
a simulated result nearly identical to the experimental results. T

300 |

new model generally produces results significantly closer to tl o Y AP VA S S T P N BT

experiments than the previous model. -20 15 -10 -5 0 5 10 15 20
Figure 4 shows the temperature history for the same case. 1 CAD

experimental temperature history is not directly measured but cal-

culated from the pressure measurements using a very simple one- Fig. 5 STD-DEV of temperature history
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Fig. 6 Sensitivity study on turbulence mixing time scale ) Fig. 7 STD-DEV of temperature histories for the sensitivity

study on turbulence time scale

by the model. It is noted here that we study the influence of tq@F
mixing on an existing inhomogeneity. We do not study the devel-
opment of inhomogeneities caused by the turbulent flow. Thed
means we keep the temperature inhomogeneity at 60 CAD BT
constant. We further assume that the ongoing cooling of the gas b
the wall is not adding inhomogeneity. These assumptions do
hold and a refinement of a stochastic wall-gas interaction mo
will be matter of a further publication. It is expected that increase
turbulent mixing will cause better cooling and thereby will rais
the inhomogeneity of the temperature before ignition.

In Fig. 6, the turbulence mixing time scale is varied from 0.1
to 0.0001 s. The result of this study shows that a very slow mixi :
(7=0.1 9 promotes early ignition of the hot spots in the cylinde ocarbons from the HCCI engine. .
since they do not mix with the cold spots. As one increases theThe sensitivity of the turbulent mixing on the combustion pro-

influence of mixing by decreasingthe ignition is delayed. At a €SS has been investigated. Slow mixing Wi." r_e_sult in early igni-
value of r of 0.00% the mixingn?s nov% so efficient t¥1at a ver;}'on of the hot spots followed by a delayed ignition of the colder

large region of the fuel and air mixture will ignite simultaneously\(.,)vr;eainizztgfq't)ﬂggnzgzglltissmtﬁ;?ﬁ; Z%Tgt?lzntioéjaslgol?tzutitéogﬁTirgle
At an even smaller value afthe situation is in essence similar to ’ u g

the homogeneous case and a very steep slope on the ignition cd)r(/ he temperature inhomogeneities. It is therefore not able to
is observed. These results cannot explain the finding in engi culate the influence of different engine geometries on the com-

that the combustion duration in engines raises with increasi &Et'?n procekss.'” di the imol tati f detailed
turbulence in the cylindef15]. Again we expect that this finding uture work will diScuss the impiementation ot a more detar'e

is caused by the convective cooling of the in cylinder gases, le ixing model, €.9., the Curl_ml)_<|ng model. This will Increase the
ing to an increased temperature inhomogeneity. emand on CPU time but will give a more accurate description of

By observing the STD-DEV of temperature for this study ir]ihe mixing processes taking place in the cylinder. A stochastic

Fig. 7, the mixing effects described above can be better under-
stood. From this graph, it is evident that the bulk ignites earlier in

R model. Generally the new model shows promising results by
nificantly improving the quality of the agreement with experi-
ntal data compared to the previously used PFR model.
he calculated ignition time histories for temperature and pres-
re are in very good agreement with the experiments. The mod-
jng of the boundary layer in the cylinder results in a “smoother”
nition curve as the cold and hot spots in the cylinder ignite at
ifferent times. In other words, in cylinder temperature inhomo-
geneities result in an increase of the combustion duration. The
TD-DEV of temperature gives evidence that not all of the
%undary layer is burnt. This explains the excess of unburnt hy-

the slow mixing cases as compared to that in fast mixing cases 120 ; ‘ .
because of less mixing with the colder boundary layer. As a con L : : 1 :
sequence we find a decrease in the maximum value of the STL 100 L~ 358 IS SR N SO i | —e—Tau=1E18 |
DEV with increasing mixing intensity. As mixing becomes more ] : 1 ‘ P | 5 TauziE2s
efficient a time delay between ignition of the colder and hotter —*—Tau=1E-4s

spots is noticed. 80 |- """"""" - — T T

The effects of mixing in the fast mixing cases are shown in Fig.ﬁ F : 3 1 ; ; :
8. For7=0.001 s the mixing is close to perfect before ignition andQ 60 [ .2 . SO 1 SIS SO P S S -
the STD-DEV is an order of magnitude smaller than for the two2 ’ i 1 3 ‘ | ; ]
slow mixing cases. For=0.0001 s the mixing is so fast that no
STD-DEV reading is noticeable.

40 Lo ,,,,,,,,,,,,, ............ ,,,,,,,,,,,,, S— .......... ]

Conclusion

In the present work, a new model for the numerical simulation
of the combustion process in the HCCI engine has been presente
This model is based on the PaSPFR-IEM model. It is capable o
simulating the influence of inhomogeneities in the cylinder causec CAD
by the thermal boundary layer adjacent to the cylinder walls on
the combustion process. The model predictions have been camy. 8 STD-DEV of temperature. Closeup on the faster mixing
pared with engine measurements and numerical results frontases
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wall interaction model needs to be developed to allow the prediGreek Symbols

tion of influence of turbulence intensity on the inhomogeneities in

the gases.
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Nomenclature
Abbreviations

HCCI

= homogeneous charged compression ignition

PFR = plug flow reactor
PaSPFR= partially stirred plug flow reactor
PDF = probability density function
MDF = mass density function
IEM = interaction by exchange with the mean mixing
model
STD-DEV = standard deviation
ATDC = after top dead center
BTDC = before top dead center
BBTC = before bottom dead center
CAD = crank angle degree
CR = compression ratio
RPM = revolutions per minute
SRM = stochastic reactor model

Arabic Symbols

)
Il

—=
([]

[l

s
X35 <P
| | A

crank radius

cylinder surface area

bore

specific heat at constant volume

= proportionality constant
= joint scalar mass density function

specific enthalpy of specigs
connecting rod

integral length scale

mass

mean molecular weight
molecular weight of species
pressure

time

temperature

source term

universal gas constant
autocorrelation coefficient
volume

= clearance volume

mass weight for PDF
mass fraction of specids
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turbulent velocity time scale
74 = turbulent scalar time scale
i = joint scalar sample variable
o; = rate of reactiorj

Subscripts and Superscripts

BL = index for boundary layer
Bulk index for bulk
i = index for scalars
index for reactions
particle index
number of chemical species
number of reactions
= wall

S OTnNS——
[
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