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ABSTRACT  The purpose ofthis  paper is to investigtite the combustion  properties ofmethane,  which  is the
main  component  of  natura]  gas and  biogas and  to find out  the methods  for improving the turbulent combustien

performance, lb realize  this, a new  combustion  technique,  hydrogen addition  to the methane  mixture,  has been

proposed and  studied quantitatively in detail. Consequently, it is shown  that by adding  only  a small  amount  of

hydrogen to the ]ean methane  mixture,  the turbuient buniing ve]ocity  is substantially increased. Furthermore
these mechanisms  are  discussed in view  ofthe  change  in the local burning velocity  due to the flame stretch.  As  a

result,  it is concluded  that the change  in the Markstein number  among  the mixtures,  mainly  because of  the

change  in the Lewis number  by hydrogen addition,  accounts  for the change  in the turbu]ent combustion

propertles.
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1. INTRODUCTION

ngine,  Premixed Lean  Combustion, Hydrogen  Addition, Ftame  Stretch

    Recently there are  many  problems to be urgently

tackle in worldwide  scale.  One  of  such  problems is
environmental  issue such  as  g]obal warming  caused  by
increasing carbon  dioxide. The other  is energy  probtem
such  as  the exhaustion  of  fossil fuels. These social

circumstances  force the interna] combustion  engine  to take

some  rea]jstic  measures  urgently.  For this purpose, a

number  of  alternative  fuels and  new  combustion  techniques

have been investigated. As  one  of  the promising alternative
fuels, methane,  which  is the main  component  of  natural gas
and  biogas, has attracted considerable  attention,  Therefore,
the clarification  of  the combustion  properties of  methane

mixture  is important from the application  point ofview.

    Meanwhile, with  regard  to the combustion  techniques

for internal-combustion engines, one  of the most  effective

ways  to improve the thermal  ethciency  and  to cut  down  the
                        '
pollutant emission  is the ]ean-burn technique. Although this
method  has already  been in practical use,  there are  many

technical problems,  such  as the substantial decrease in the

burning ye]ocity  and  the ]arge increase in the misfire

probability in the lean mixture  region.  Tb  solve  these

problems, a  number  of  methods  have been proposed so  far,
yet the  problems are  not  settled  cemp]etely.  Tb improve the
lean-burn technique, the authors  have proposed a  new

method,  hydrogen addition  to hydrocarbon mixtures,  and

shown  that the method  work  effectively  on  the

improvement of  the combustion  performance for ]ean
hydrocarbon mixtures,  particularly for methane  mixtures

[1].
    The purpose of  this paper is to clarify  the general
prQperties of  methane  flames and  to study  in detail the

effects  of  hydrogen addition  to methane  mixtures  for
investigation of  the feasibility to utilize  methane  in ]ean
burn engines.  As  a  result,  it is found that the effects  of

hydrogen addition  can  be explained  by the change  in the
local dependence of  combustion  properties on  the flame
streteh, that is, the change  in Markstein  numben

2. EXPERgMENT

2.1 Combustion  Chamber

    The combustion  chamber  used  in this study  is a  nearly

spherical  vessel  with  a  mean  inner diameter of  about

1OOmm.  Jt is fixed with  four transparent  windows  of  92mm
diameter at  four sides  for flame observation,  ancl  two

perforated plates of  92mm  diameter at two  opposite  sides.

The cross-sectional  view  of  the combustion  chamber

observed  frorn the transparent  window  is shown  in Fig.1.
Behind each  perforated plate, a  fan is equipped  to mix  gases
and  generate approximately  isotropic and  homogeneous
turbu]ence  in the central  region  of  the chamber.  The
characteristics  of  turbulence  in the chamber  have been
obt.ained  by the two-point  correlation  method  using  LDVI

2.2 Measll rement  of  burning velocity

    In this study,  both Iaminar and  turbulent burning
velocities  were  determined from measurements  ofpressure

rise. Such a burning velocity  can  be related  to the mass

burning rate  [2]. The [aminar burning velocity,  SLo, was

measured  by the fol]owing procedure. The stretched

laminar burning velocity,  S'Lo, was  calculated  by the
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1: Perforated Plate;2:Ignition Plug; 3:Fan

     Figure 1 Cornbustion Chamber

Rib]e 1 Properties ofmixtures

Mixture･tsoT.-･:[m,･SLC]lcmls]Ddhlo'4[rn!ls]be

M06HOOS20O.6tt221119.612207O,960

M07HOOS20O.7222719.562.208O,961

MosHoos2eoO.8229G.20.142.209O.960

M09HOOS20O.9234819.922.210O.960

MIOHOOS201.0240419.772.211

MllHOOS20Ll241619.602.2121,093

M06HOIS20O.621S419,542.263O,284

MOTHelS20O,T221T19.762.266O.285

M08HOIS20O.1O.8227819.922.269O.285

M09HOIS20O.9232319.962.283O.286

MIOHOIS20LO238920,362.27T

MllHOIS20Ll239620.42.2.284Ll21

M06HO2S20O.6215019.872.324O.290

M07H02S20O.7219319.642.329O.290

M08H02S20O.2O.8223520.122.333O.291

M09H02S20O.9229619.762.339O.292

MIOH02S201.0236219.732.349

MllHe2S201.1237720.162.3641.150

pressure history of  combustion  according  to Lewis's
method  [2]. One test to ca]culate  SiLo was  carried  out  using

the pressure increase rate  averaged  over  a  range  of  gauge
pressure between O,05[atm] and  O.150[atm], where  the

variations  ofthe  calculated  burning ve)ocity  with  increasing
flarpe radius  (that is, with  decreasing flame stretch)  were

less than 5 %. This is because the ]aminar flames have
relatively  large radius  (that is, small  stretch)  over  the range

of  pressure used  fbr calcu]ation, The values of S'Lo were

finally obtained  by averaging  the resu]ts  ef  10 tests at each
cQndition.  Jn this case,  the experimental  uncertainties  of

S'Lo due to the averaging  process were  ]ess than  5%. So the

laminar burning ve]ocity,  SLo, were  approximated  directly

by the values,  SiLo without  cerrection,  that is, it was

assumed  that･ the flame stretch  efTects  on  a laminar

spherical･flame  were  negligible  under  the current

experimental  circumstances,  The turbu]ent burning velocity,
ST, is approxim4ted  by the relation  [3],
STISLo=(dpldt)T!(dpldt)L, where  dpfdt is the pressure
increase rate,  and  subscripts  T and  L･designate turbulent
and  laminar combustion,  respectively.  The experimental

uncertainties  for measuring  the turbulent burning velocities
were  less than 5%.

2.3 Mixture properties

    Jn this study,  mixtures  were  mainly  identified by two

parameters; the tota] fuellair equivalence  ratio,  ¢
,
 and  the

volume  fraction ofthe  added  hydrogen in the  whole  fuel, 6.
The compositions  can  be expressed  as

(1J6>CH,+6ag+X,O,+X,N,
    In this case, O is calculated  by
¢ -(2'3f2S)!Xo

    Where  Xo  and  Xi are  the  mole  numbers  ofoxygen  and

nitrogen,  respectively. The burning ve]ocity ofa  flame can
be controlled  independent]y of  the equivalence  ratio  by
changing  the dilution with  nitrogen (dilution 

=
 Xof(Xo+X])).

Tlab]e l shows  that the properties of  the mixtures  with

SLo=20cmfs over  a  range  ofO  between O.6 and  1.1 for each

5 
=O,

 O.1, O.2. Where  T,d is the adiabatic flame temperature
calculated by equilibrium  calculation,  D,h is the thermal
diffiisivity, Le is the Lewis number  based on  the molecular

diffiision coethcient  of  the deficient reactants.  Le is the
Lewis number  based on  the molecular  diffusion coefficient

of  the deficient reactants. And  Lewis numbers  for mixtures
with  hydrogen were  ca]cu]ated using  the difftision
coefficient of  hydrogen, because for these mixtures,  the

high mass  diffUsion of hydrogen is expected  to play an
important ro]e  in characteristics  of  a  Stretched flame. A]I
thermodynamic  and  transport properties are  evaluated  by
CHEMKIN[4][5].

3. RESUUI'S  AND  D[SCUSS]ON

3.1 The  effects  of  equivalence  ratio  on  the  turbulent

combustion  performance

    Firstly the effects  of  equivalence  ratio on the turbu]ent

burning ve]ocity  haye been investigated by using  the
mixtures  tabu]ated in Tablel. Figure 2 shews  the
experimental  resu]ts  on  the turbulent burning ve]ocity,  ST,
plotted against  the turbulence  intensity, u', where  both are
non-dimensionalized  by the ]aminar buming  velocity,  SLo,

From Fig.2, it is found that the STISLo increases with

decreasing ¢  at a  certain  uilSLe  for each  5=O, e.1, O.2. This

trend holds tme  for all CH41H2 fuel mixtures  ranging  from
5=O  to 5=:1, though  those figures are  not  included due to

limitation of  space.  From  this result,  it can  be conc]uded

that CH4fH2  fuel is suitable for lean-burn technique

considering  the improvement of  the turbulent combustion

performance in the lean mixture  region regardless  of the

ratio  ofCH4  to H2.

3.2 The  qllantitatiye effects of  hydrogen  addition  on  the
turbu]ent combustion  performance

    Secondly, the quantitative effects of  hydrogen addition
on the turbulent burning velocity  have been experimenta][y
examined  by using  the same  mixtures  as those ranging  from
5=O to 1.0 in the last paragraph. Figure 3 shows  that the

variations  of  STISLo with  u'/SLo  over  a range  of5  between O
and  ].O fbr each  equivalence  ratio, ¢ =O,6, O.8, 1.0. From
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     Figure 3 The quantitative effects  of  hydrogen addition  on  the turbulent velocities

 le
      UVSLO

(c) ¢ =1.0

20

the figures, it is found that with  the addition  of  hydrogen,
the turbu}ent burning velocities  become correspondingly

higher in the lean mixture  region  (O=O.6). The  differences
among  the mixtures  decrease, as the equivalence  ratio

approaches  unity  (¢ =O.8).
 For the stoichiometric  mixtures

(¢ =:1.0), there is no  appreciable  change  in STISLo with  5. In
addition,  as  for the quenching ]imit of  the stoichiometric

mixtures,  u'!SLo  is about  1O for a range  of  6, between O.S

and  O.9, whi]e  u'ISLo  is about  20  fora range  of  6, between
O.1 and  O.4. Namely, the quenching ]imit decreases, as  more

hydrogen is added  near  stoichiometric cendition.

    Ib summarize  the above, the hydrogen addition  to

methane  mixtures  improves the turbu]ent combustion

performance with  amounts  of hydrogen in the lean mixture
region,  to be sure, yet it could  have no  effect  or, in some
cases, negative  effect on the turbulent combustion

performance near  stoichiometric conditions.  In other  words,

it might  be said  that small  amounts  of  hydrogen additions
are  safer  in consideration  of  the balance between the

increase in the combustion  performance and the smal]

fiuctuation of  the operating  condi{ion  due to the

perturbationofmixturecompositions.

3.3 The  effects  of  dilution  on  the

pcrformance

turbulentcombustion

    Thirdly, the effects  of  di]ution with nitrogen  on  the

turbulent combuStion  performance are  examined,  .taking
account  of the reduction  of  the pol]utant ernission  through

the temperature control.  Figure 4 shows  the experimental

resu]ts  on ST/SLo with  u'ISLo  by using  mixtures  having a

variety  of  SLo for each  6=:O, O,1, 02  at  the  equivalence  ratio,

¢  
=

 O.6, O.8, l.O, respectively.  From  the figures, it is found
that retationships  between uVSLo  and  STfSLo are  a]most

identical for each  6 at  a  specified  O, independent of  the

laminar combustion  properties (e.g. buming  ve]ocity,  SLo,
adiabatic  fiame temperature,  T,d, or  ]amin4r fiame thickness
estimated  by DrhlSLo). This {ndicates that the discussion for
the mixtures  having SLo=20cmls in the  previous'paragraphs
can hold true for all CH4tH?fO?tN2 mixtures  regardless  of

dilution. That is            ,

･
 For the lean mixtures  STISLo increases with  6 at a  certain

U'!SLO･･

 The differences in STISTn with  6among the mixtures

decrease as ¢  approaches  unity.

･
 For the rich  mixtures,  STISLo does not  change,  or, in some

cases,  decreases with  S at a  certain  u'ISLe.

    Thus, again  these results  suggest  that the hydrogen
addition to lean mixtures  can  improve the combustion

performance, independent ofthe  dilution with nitrogen.
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Data from Searby and  Quinard(1990)

O,6  O.8 1 1,2 1,4 1.6 1.8

     Equivalence Ratio ¢

Figure 5 The variation  ofMa  with  O
for methane  and  hydrogen fiames[7]

3.4 The  mechanisms  based on  flame stretch

2

    In the fb]]owing section,  the mechanisms  of  improving

the turbulent combustion  perfbrmance by hydrogen

addition  wiH  be explained  on  the basis ofthe  change  in the

local burning ye]ocity  due to the fiame stretch. As spherica]

fiame propagates outward]y  from the ignitien point, the
flame area  increases with  time. Meanwhile each  flame
element  is subjected  to the stretch  due to the flame
curvature  and  due to the flow fie]d strain rate.  In this case,

the local burr]ing velocity  of each  stretched flame element
changes  from the unstretched  laminar burning velocity.

Following [6], the general relationship  can  be expressed  as

 SL 
-1-

 MbxKa  (1)
 SLU

    Where  SL is stretched  ]aminar burning ve]ocity,  SLo is
unstretched  laminar burning velocity,  Ma  is Markstein
number  and  Ka  is Karlovitz number.  Ka  is also defined as
fo11ows.

 K..a  (2)
     (SL,!6,)
    Where  SL is laminar fiame thickness and  a  is the flame
stretch  rate,  which  is expected  to be a  positive value  on

average  for outwardty  propagating flame, With respect  to

Ma, there have been various  experimental  and  numerical

studies  so  far [6]-[9], and  its general behavior has been
clarified  to some  extent  Generally it has been reported  that
Ma  is mainly  related to Lewis  number,  Le, and  changes

near-linearly  with  Le over  a  wide  range  of  mixtures[6].

Figure 5 shows,  as one  exampte,  the experimental  result  on

Ma  estimated  for methane  and  hydrogen mixtures[7].  From

this figure, the methane  and  hydrogen mixtures  have a

Markstein  number  which  increases with  increasing

equivalenceratio.

    First of all, how the change  in the ]ocal burming

velocity  due to the dependence ofMa  on equiva]ence  ratio

affects  the turbulent combustion  perforrnance is discussed

for methane  mixtures  (5==O) as shown  in Fig2(a), ln general,
the turbulent burning velocity  can  be assumed  to be product
of  the flame area  and  its local burning ye]ocity.  Hence
assuming  that rhe [ocal flame quenching is less dominant,
S-[ISLo can  be expressed  as

S,.S,
 .Az,L･ 

-
 (3)

St,, S", AL

where  s", is the [ocal bumiing ve]ocity  averaged  along  the

flame surface  and  AT  is the total area  of  laminar surface

contained  in an  area  of  turbu]ent flame whose

time-averaged  area  is AL. Thus A･rtAL represents  the  effect

of  the increase in the  flame area  by turbulence, and  is
expected  te main]y  depend on  uVSLo.  Thus from Eq.(3), the
difference in STISLo for a  constant  u'tSLo,  as  seen  in Figure
2(a), is expected  to be mainly  due to the change  in S-, ls,,
with  equivalence  ratio.  Now  the causes  of the change  in

S-,lsL, are  considered  as  fo11ows from the viewpoint  of

fiame stretches.  For the outwardly  propagating spherica]

fiame investigated in this study, each  Iocal flame element  in
the turbu]ent flame is subjected  to a  stretch  mainly  due to;

(A) fiame curvatures  

'

(B) strain  rate  in the fiow fie]d.
The ]atter flow field can  be also  dMded  as  fo11ows with

regard  to generative force, that is,

(B-1) unburned  gas flow ahead  of  the flame front induced
by combustion

(B-2) turbulent flow fie]d generated by fans,

    The  fiame strelches  due to (A) and  (B-1) are  expected

to be main]y  depend on  the flame topography.
    Now  in order  to investigate the flame stretch  due to
cause  (B-2), Karlovitz  number,  Ka). is introduced, which  is
defined as

Kaa=wwtiS)  
(4)

where  Xg is Taylor sca]e  based on  the assumption  of

isotropic turbu]ence.  The relationships  between uifSLo  and

estimated  Kax  are  also  shown  in Fig.4. From  each  figure,

the differences in Kax among  the mixtures  are  appreciable

for a certain  u'XSLe  despite almost  the same  STISt.o. As
discussed in the previous paragraph, the mixtures  for a

specified 5 and  ¢  are  expected  to have almost  the  same

S-,!S. for a constant  u'/SLo.  Thus, it foltows that the

contribution  of  the tlame stretch  due to the turbulent flow
generated by fans to the change  in S,!s,,, is relatiyely

small. The main  reason  is the fo]lowings. For the isetropic
turbulence,  each  locat flame element  in the flow fie[d is
expected  to suffer  both stretch  and  compression  equal[y.

Thus  this results  in re]atively  small  influences on  the

average  flame stretch, that  is, the resultant  change  in

S-L !SLO '

    From  the aboye  discussion, it fo1]ows that for the
spherical  flames propagating outwardly,  the flame stretches
caused  by (A) and  (B-1) are  primarily responsib]e  for the
change  in SL !sL,,.In this case,  the average  flame stretch  is

expected  to depend on  the flame topography,  that is, the

distribution of  the flame curvature, which  is, in turn,

expected  to depend mainly  on  u'fSLo.  Thus the values  ofKa

based on  the average  flame stretch are expected  to be
almost  the same  for the mixtures  ofa  constant  u'ISLe and

intrinsical]y positive for the spherical  flame. Hence in this
case,  from Eq.(1), the differences in sl.!s,., main]y

depend on  the differences in Markstein number  among  the

mixtures.  The methane  mixtures,  as  shown  in Fig.5, have a
Markstein number  which  increases from about  2.5 in Iean
mixtures  to about  4 in rich  mixtures.  As a result,  it is
expected  that the methane  mixtures  have the highesT

Jt,, IS,, in leaner region,  decreasing with  equivalence  ratio.

3 
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Consequently, the difTerences of  s-,ls,, with  equivalence

ratio  due to the dependence of  Markstein number  on

equivalence  ratio  result  in the  fact that the leaner mixture
has the higher STISLo for a certain  u'ISLo,  as  shown  in the
Fig.2(a).

    Next, as  shown  in the Fig.3, the mechanism  on  the

change  in STISLo with  6 for a  constant  uilSLo  at each

equivalence  ratio  is discussed. From  Fig.5, hydrogen
mixtures  have the highest Markstein number  with  Ma=6  for
very  rich  regions,  decreasing very  rapidty  for equivalence
ratios  less than  1.5. This trend is the same  as  that for
methane.  Yet in the ]ean mixture  region,  the  Ma  of

hydrogen is expected  to be smaller  than  the Ma  of  methane

for a  specified  equiva]ence  ratio  because of  smaller  Le. For
this reason,  the hydrogen addition  to methane  mixture

decreases Ma  with  6. The decrease in Ma  for the lean
mixtures  causes  the relative  increase in S-L!S,, for a

specified  uilSLo  and  this, in turn, results  in a  re]ative

increase in STISLo.

    On the other hand, in the rich mixture  region, Ma  of

hydrogen is larger than  that of  methane.  Thus for the rich

mixtures,  the hydrogen addition  is expected  to increase Ma

with  5, As  a  result,  STtSLo decreases with  6 fora constant
u:/SLo  because of  the relative  decrease in S-L!SLo

Moreover, because nitrogen  is the major  component  of  the

mixtures,  it is also  expected  that the  Markstein number

should  principa]ly depend only  on the equivalence  ratio and

not on  dilution by nitrogen. Thus it follows that the
re}ationships  between u'/SLo  and  ST!SLo for the mixtures

with  the same  constituent  fuels mainly  depend only  on  the

equivalence  ratio,  not  dilution. Thus, as  shown  in Fig.4, the
relationships  between'u'/SLo and  STISLe are  almost  identical

independent ofdi]ution  for each  6 at  a specified  O.

4. CONCLUSIONS

   The fotlowing conclusions  were  obtained  in this study,

(1) In the ]ean mixture  region,  at  a  certain  equivalence  ratio,

STISLo increases with  6 for a constant  u'ISLo.  The
differences decrease as  ¢  approaches  unity.  In the rich

mixture  region,  STISLo does not  change,  or, in some  cases,

decreases with  6 fora constant  u7SLo,  Thus  considering  the

balance between improvement of  the turbulent combustion

perfbrmance and  the small  fluctuation of  the operating

condition, it can  be concluded  that the smal]  amount  of

hydrogen addition is suitable actually for the lean-burn
applications.

(2) The re]ationships  between u'ISLo  and  STtSLo for the

mixtures  with  the same  constituent  fuels are  almost

identical, independent of  dilution at  a certain  equivalence

ratlo.

  The above  effects  can  be exp]ained  by the change  in loca]
burning veloc{ty  due to the flame stretch  as  fo[lows;

(3) For a constant  uifSLo,  the d{fferences in ST/SLo with  ¢

are  mainly  caused  by the changes  in the average  local
burning velocities  due to the flame stretch.  The  changes  in
the local burning ve]ocity  depend on  the Markstein number.
The  methane  flames have a  Markstein number  which

increases with  equivalence  ratio.  This trend results  in the

highest turbulent burning velocity in the lean mixture

region, decreasing with  equivatence  ratio.

(4) Because nitrogen is the major  component  of  the

mixtures,  it is also  expected  that the Markstein number

should  principally depend only  on  the equivalence  ratio  but
not  on  dilution by nitrogen.  Thus the relationships  between

u'/SLo and  STISLo for the mixtures  with  the same  constituent

fuels mainly  depend on  the  equivalence  ratio,  net  the

di]ution.(5)
 In the lean mixture  region,  the decrease in the Markstein

number  by hydrogen addition  results  in the relative  increase
in SL,IS,, for a  specified  u'tSLo.  This, in turn, increases

ST!SLo. In the rich  mixture  region,  on  the other hand, the

hydrogen addition increases the Markstein number  of  the
methane  mixture.  This leads to the decrease in S,TISLo with

6due to the relative decrease in S-,, !SL,･
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