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1.

Guidelines for Virtual Participation

General Guidelines

Tencent Meeting software (&) ) is recommended for participants whose IP addresses

locate within Mainland China; Voov Meeting (International version of Tencent Meeting)
is recommended for other IP addresses. The installation package can be found in the
following links:

a) BB
https://meeting.tencent.com/download/

b) Voov Meeting
https://voovmeeting.com/download-center.html?from=1001

All the activities listed in the schedule are “registrant ONLY” due to content copyright.
To facilitate virtual communications, each participant shall connect using stable internet
and the computer or portable device shall be equipped with video camera, speaker (or
earphone) and microphone.

Lectures

The lectures are also “registrant ONLY”. Only the students who registered for the course
can be granted access to the virtual lecture room.

To enter the course, each registered participant shall open the software and join the
conference using the corresponding Voov Meeting Number (VMN) provided in the
schedule; only participants who show unique identification codes and real names as
“xxxxxx-Last Name, First Name” will be granted access to the lecture room; the
identification code will be provided through email.

During the course, each student shall follow the recommendation from the lecturer
regarding the timing and protocol to ask questions or to further communicate with the
lecturer.

For technical or communication issues, the students can contact the TA in the virtual lecture
or through emails.

During the course, the students in general will not be allowed to use following functions
in the software: 1) share screen; 2) annotation; 3) record.

Lab Tour

The event will be hosted by graduate students from Center for Combustion Energy,
Tsinghua University and live streamed using provided Voov Meeting Number.

During the activity, the participants will not be allowed to use following functions in the
software: 1) share screen; 2) annotation; 3) record.

Questions from the virtual participants can be raised using the chat room.

Poster Session

The event will be hosted by the poster authors (one Voov Meeting room per poster) and
live streamed using provided Voov Meeting Number.

During the activity, the participants will not be allowed to use following functions in the
software: 1) share screen; 2) annotation; 3) record.

Questions from the virtual participants can be raised using the chat room or request access
to audio and video communication.
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Combustion in Microgravity and Microscale
Part 1. Flame basics
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Introduction

Combustion in microgravity

1990’s-

MII:R&

EMBLY

VITY
T

Intense international collaboration since

Combustion in microscale

Mo Rty Exgue (1

Mainly for power generation based on liquid fuels, U.S.

Applications + Combustion science

Science and technology developments and 4
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Steam engine, IC engines
Otto, Diesel

Manned powered flight

Ford Model T,
mass production

WW I

Computer, Invention

Development
Spread

1900

Prop plane

1950

Periodic table(1869)
Dimitri Mendeleev

Electron
Atom, Molecule,
Proton, Neutron,

Elementary particles

Laser, invention

Applications

Super computing
2000
2020

A UIN1eS YO1SOA ‘|I-A ‘S1920Y
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progress of combustion research

Book (1861)

The Chemical History of a Candle

Michael Faraday

Flame basics

Microgravity

First Comb.
Symp. 1928

sishjeue ano3dwAsy) Aloay) uonsnquio)

Microscale
combustion
Flame-wall interaction,
Super-adiabatic,
dvnamic:

L combustion
5 | Chemical (drop tower,
4 Kinetics airplane, space
= shuttle, 11S)
o | Hydrogen, oo
s |y Combustion limit
o ydrocarbon,
> PAH Flame ball
2 Radiative ext.
a

i a
v Quantum
chemistry, Ab initio

Lean combustion




Progress of combustion research
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1930 3 203 3 rine ; 1928 ;
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g |2 g Flame basics
5 o a | T e
o 3. =4 !
2 12 5] ! Third, 1948 |
=} « > 3 |
= =8 I} 3 lmmm e H
1950 3 g2 g oI .
s = = @ ! World first micro-G exp. s i Comb. Inst. 1954 !
5 Z S ! (1954) Kumagai ' 1 !
3 E , P '
2 é N - L
g Microgravity
2 .
o & combustion
o 5 - - - (drop tower, airplane,
_g 2 &'T Chemical kinetics space shuttle, 11S)
- < 2. @ | Hydrogen, Combustion limit
nal = H a | hydrocarbon, PAH... Flame ball - -
2000 [k S - ® Radiative extinction Microscale combustion
1 v 3 Flame-wall interaction,
5 % Super-adiabatic, dynamics
S 3
g Lean combustion
2020 a Quantum chemistry, Ab
o initio
=1

Adiabatic flame
Non-adiabatic flame
Super-adiabatic flame

==+ | Flame basics

Cool, blue (warm)
& hot flames

7.
A flame
[

Stable solution

y;

B Unstable solution
n tincti @ ignition g
g [exinctio Lenten ] | transport reaction
i 10
. Stable solution Turbulence & Laminar Overall one-step reaction
i Heat & Mass Reduced chemistry
Damkahler number, D Molecular diffusion Full chemistry

Brownian motion

S-curve (Fendell curve)




Flame basics

Outline

S-curve

Premixed flame
Flame characteristics
Non-premixed flame

Flame classification

4
o]

* Premixed and non-
premixed (diffusion) flames

e Laminar and turbulent
flames
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Premixed and non-premixed flame
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AN

o/F

Non-premixed flame Premixed flame
(Diffusion flame)

Phenomena in a candle flame 10
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Solid wax

Melted fuel
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Mixture * / Flame

|

Fuel + Air (oxidizer)
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Flame and elementary reactions,
methane reaction path

Reactant CH,
2

0:R11 : S
::H“?s GESE l OH:R113

HO2: R119 H:R159

CH,0 < CH, "= C;H;
j M: R57 i M:ATA
2 C,H
CH,0¢——— CH,OH!— CH,0 T
E 02:R169 OH ﬁlDd H OH:R112
Product gases 2 B
C0,, H,0, CO, a = e
e g ™ R126 v H20:R148
’___~NOX' NZ’ @ HCo 02:R125 CH CH,{Q C HZ
7 ~ T womes 35 or: nlﬂ
K4 “\ 2= M:R167 or:RE 02:R145
,I \‘ 02:R168 o:R21
A Fla;]e (flame front) $ “=—4— Hcco

N ] V4 0:R28
\\\- —’,, OH: RS, OH:R176
Reactants CO, | Product

CH,, 0, N,

12
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Combustion in practical devices

AIR{FUEL INTAKE

COMPRESSION

COMRUSTION

The Jet Engine, Rolls-Royce, 1992

» Turbulent combustion
* Reciprocating engines

Premixed combustion in Otto-
cycle engine (Spark-Ignited
engine, Gasoline engine)

Auto-ignited non-premixed (or
partially premixed) combustion in
Diesel engine (Compression
ignition engine)
* Gas turbine engine

Different types of GT, Premixed
and non-premixed combustion
¢ Furnace, incinerator

Mostly non-premixed, specific

combustion-mode (Mild
combustion)

Moderate or Intense Low oxygen Dilution (MILD) combustion

Laminar and turbulent premixed flames 13
Laminar flame
(Direct photo)
Turbulent premixed flame (Schlieren image)
14
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Flame basics

Outline

S-curve

Premixed flame
Flame characteristics
Non-premixed flame

15
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)

T (110 ..

Tad

S-curve (Fendell curve)

Stable solu’/cion @

Unstable solution

Extinction Ignition

Stable solution

Damkdhler number, D

Flow residence time

Chemical time

Time scales of
transport and chemical
reaction

Extensively applicable
to various phenomena,
e.g., candle flame,
burner flame,
counterflow flame,
supersonic combustion,
etc.

Fendell, F.E., J. Fluid Mech. 21(2) 281 (1965).
Lifian, A., Acta Astro. 1(7) 1007 (1974).

16




Chemical reactor and combustion v
Stable squHon ® ° I nition

A Tad c = g
% Extinction Mﬂes{]ng”‘ton ¢ CombUStlon
. o b * Extinction

Stable solution

Damkdhler number, D D’

CSTR
Continuous stirred-tank reactor
18

rapid compression|

The Modal Shop, Inc., 2017 S hock tu be

RCM 4 F—
- — I I .

Meere et al., J. Eng. Math. 44: 57, 2002.

machine

“ nm

CSTR

H

The Jet Engine, Rolls-Royce, 1992
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Time scales of reactive fluids 0

Chemical time
NO formation

Product formation H,0

Radical formation H

Radical formation H,0,
guasi-steady state?

Physical time

Flow time

Transport time

Molecular Pflysicatl
Turbulent interes
Radiation transfer ?

guasi-steady state

DNS Time-step

Ju, ICFD, 2008

IFS TOHOKU 2022

Time scales of chemical reactions 20

354 [ ethylene
I n-heptane

p=1atm
25 T= 2000K
$=1

Number of species

-12 -10 -8 -6 4
10g10 (7, sec)
Fig.  Histogram of species time scales in PSR with fixed temperature and residence

time of 1 ms for a 33-species mechanism for ethylene and a 78-species mechanism for
n-heptane, respectively.

* Distributions of ignition
time scale (Residence
time @1 ms, 2000 K)

* Pico-sec~milli-sec
or even longer

Lu et al., Prog. Energ. Comb. Sci. 35: 192 (2009).




Seeking for “ideal” ignition phenomena 2

G0
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High Purity Kinetics Shock

Batch
Photolysis Shock Tube (KST),
Tube (NASA Tube), Stanford Univ.

The Modal Shop, Inc., 2017 )
Stanford Univ.

() i=\-— RCM

Meere et al., J. Eng. Math. 44: 57, 2002.
http://c3.nuigalway.ie

Chemical kinetics modeling 2
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L Homogeneous rector
0D model
Senkin, 1988
Lutz, A. et al.

Equil (Equilibrium)
STANJAN*
JANAF Table**

*STANJAN: Stanford and its connection with the JANAF thermochemical data tables
**JANAF thermochemical tables of the Joint Army-Navy-NASA-Air Force (JANNAF) Interagency Propulsion Committee

NIST-JANAF Thermochemical Tables: https://janaf.nist.gov/




« Difficult to establish ideal
(probably one-dimensional,
? adiabatic) flames without

= — influences of external factors

Detailed data from ideal flames
are essential for establishing
computational tools, precise
kinetics, etc.

—
L]

23

Flame basics

» Outline

» S-curve

* Premixed flame

* Flame characteristics
* Non-premixed flame

24




Bunsen flame "

IFS TOHOKU 2022
Kaoru MARUTA

Blow off

/\ Flash back /I\

B

T

Fuel + Air

Flame propagation, laminar burning velocity, flame
quench, extinction, blow off, flame structure

Laminar premixed flame (Deflagration wave) =

=5 e (Rankine-Hugoniot Relations,
Yy — detonation and deflagration waves)

_ Flame sheet
L

=) _ Flame is interface separating unburned and

Ty s .
B burned gases, thermodynamic equlibrium
Yp=0
i [
st ‘J‘_’ T
1 - £
- Transport in preheat e
. . | P-4 _— Reaction sheet
zone, diffusion r, % B - Preheat and
processes of mass and il ¥y=0 Reaction zones

- Reaction sheet, source
of heat and sink of
reactant . .

- IfLe=1,Y and T profiles ; S I/ utr, downsieam,
are mirror images l N A ees

heat > i ,
.I - Enner, reaction

. region {in)

Th

Law, C.K., Combustion Physics, 2006. I
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1-D steady propagating flame 27

Governing equation for steady, isobaric, adiabatic one-dimensional flame propagation

Continuity

dT

Species MY+d(AYV) Ao W, =0
X dxp kYK Wi Wy = U,

M = puél,

Equation of state p= RT

Forward rate
coefficient

_EA
ks = ATE —
f exp RT

A aT  AxC
A—|+= Z PYeVieCore — + —Z OhWy, = 0,
dx) ¢, pe] dx ' cpd

k=1,..,K),

PREMIX, CHEMKIN

For further details, refer, e.g., Poinsot, Theor. Num. Comb.
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! GRI-Mech Version 3.0 7/30/99 CHEMKIN-II format

! See README30 file at anonymous FTP site unix.sri.com, directory gri;
! WorldWideWeb home page http://www.me.berkeley.edu/gri_mech/ or
1 through http://www.gri.org , under 'Basic Research’,

1 for additional information, contacts, and disclaimer

ELEMENTS

O HCNAR

END
SPECIES
H2 H o 02 OH H20 HO2 H202

c CH CH2 CH2(S) CH3 CH4 CO cCO2

HCO CH20 CH20H CH30 CH30H C2H C2H2 C2H3
C2H4 C2H5 C2H6 HCCO CH2CO HCCOH N NH
NH2 NH3 NNH NO NO2 N20 HNO CN

HCN H2CN HCNN HCNO HOCN HNCO NCO N2
AR C3H7 C3H8 CH2CHO CH3CHO

ND

El

ITHERMO

! Insert GRI-Mech thermodynamics here or use in default file

IEND

REACTIONS

20+M<=>02+M 1.200E+17 -1.000 .00

H2/ 2.40/ H20/15.40/ CH4/ 2.00/ COJ 1.75/ CO2/ 3.60/ C2HB/ 3.00/ AR/ .83/
O+H+M<=>0H+M 5.000E+17 -1.000 00

H2/2.00/ H20/6.00/ CH4/2.00/ CO/1.50/ CO2/2.00/ C2H6/3.00/ AR/ .70/
O+H2<=>H+OH 3.870E+04 2700 6260.00
0+HO2<=>0H+02 2.000E+13  .000 .00
0+H202<=>0H+HO2 9.630E+06 2.000 4000.00
0+CH<=>H+CO 5700E+13  .000 .00
= 8.000E+13 .000 .00

1.500E+13  .000 .00
1.500E+13 .000 .00

0+CH3<=>H+CH20 5.060E+13  .000 00
0+CH4<=>0H+CH3 1.020E+09 1.500 8600.00
0+CO(+M)<=>CO2(+M) 1.800E+10 000 2385.00

LOW/ 6.020E+14  .000 .
H2/2.00/ 02/6.00/ H20/6.00/ CH4/2.00/ CO/1.50/ CO2/3.50/ C2H6/3.00/ AR/ .50/

O+HCO<=>0H+CO 3.000E+13  .000
O+HCO<=>H+C02 3.000E+13 .000 .00
0+CH20<=>0H+HCO 3.900E+13 .000 3540.00
0+CH20H<=>0H+CH20 1.000E+13 .000 .00
0+CH30<=>0H+CH20 1.000E+13 000

0+CH30H<=>0H+CH20H 3.880E+05 2.500 3100.00
O+CH30H<=>0H+CH30 1.300E+05 2500 5000.00
0+C2H<=>CH+CO 5.000E+13 .000 i
0+C2H2<=>H+HCCO 1.350E+07 2.000 1900.00

0+C2H2<=>0H+C2H 4.600E+19 -1.410 28950.00
0+C2H2<=>CO+CH2 6.940E+06 2.000 1900.00
0+C2H3<=>H+CH2CO 3.000E+13  .000 00
0+C2H4<=>CH3+HCO 1.250E+07 1.830  220.00
0+C2H5<=>CH3+CH20 2.240E+13 000 .00
0+C2HB<=>0H+C2H5 8.980E+07 1.920 5690.00
0+HCCO<=>H+2C0O 1.000E+14 000
0+CH2C0<=>0H+HCCO 1.000E+13 .000 8000.00

0+CH2CO<=>CH2+C02 1.760E+12 .000 1350.00

GRI-Mech 3.0 (1999) 28

GRI-Mech 3.0, <http://www.me.berkeley.edu/gri_mech/>.

53 species

327 reactions

Cont'd

—E;

+
Transport data
Thermodynamic data




Laminar burning velocity and burning flux
e CH, +20, <>2H,0+CO,

60 0.25

CH,—air
50 p=0.5atm

& 015
30+

20F / 5

0.10 -

0.05

Laminar Flame Speed,  (cm/s)
S
> _
Laminar Burning Flux,  (g/cm?-s)
It
8
; T :
>

0 ‘ ‘ 0.00— :
05 L0 L5 05 1.0 LS
Equivalence Ratio, ¢ Equivalence Ratio, ¢
(@) (b
Laminar flame speed, S, Laminar burning flux, pS,

Figures: Law, C.K., Combustion Physics, 2006.

(3 o (3
Example of reaction path, methane oxidation »
Reactant i
n;nn#/ a3
:}fg Lol l OH:R113
CH, +—"2>_ C,H,
-I M:R74
g C,H,
CH OQWCH,C'HW(H,O
;j : ; OH:A112
ko] i 3 = C:H,
Q Rey i M:R71
E = e RE2E ' H2O-R148 l
6 HCO - — CH h H,4—— CHy(s) C,H,
£ ay ot o ks
L 0-R21
1, H:R79
0’ *— HCCo
on:nes EHA
CO, | Product
30




Structure of laminar one-dimensional premixed flame .

CH4/air, ¢ =1
0.250
W; 2000
0.200
. - 1500 _
5 0.150 5
t; >
S =
< 1000 §
< 0.100 S
£
= 2
0.050 500
0.000 0

32

Approximate analysis, Mallard-Le Chatelier, 1880’s
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* Region of conduction
L, (ZONE 1) and region of
I burning (ZONE 1)
| €—Zone II
Region off . |

egion oil * Intuitive .recognition
Ty | g L] for reaction zone

> thickness, laminar
burning velocity

X

Glassman, Combustion, 1987.
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Approximate analysis, Mallard-Le Chatelier, 1880’s

33

Delete &

2 (Tr-T) @ @
S A P
Pulp (Ti - T()) Pu Pu
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Delete @ a:thermal diffusivity
T |one ] Region of [ | a
0 burning | S~ — A
X St a= pC,
Incoming flow speed = reaction rate @ :overall one-step reaction
. —E
puS, = 08 @ = ApNexp <R_Tf>
Temperature increase of unburned gas is Pressure dependence of S,
due to conduction heat from reaction zone
1
T —T: S~ N-2y3
PuSLCp(Ti —Ty) =4 <—f 3 l) L@
Glassman, Combustion, 1987.
Laminar flames with different inert gas 34

1401

Burning velocity (cm/sec)
2 @ o n
[=] (=] o [«)
T T T T
>
> T
[}

N

o
T
z

N

0 L | ! L | ]
4 6 8 10 12 14 16

CHy in various airs (%)

Thermal diffusivities of Ar and
N, approximately equal

Since Ar is monoatomic gas, its
specific heat is lower than N,.

Since heat release is the same,
flame temperature, T; 5. > T;

Ar and He are both
monoatomic and thus their
flame temperatures are equal,
however, thermal diffusivity of
He is much larger than Ar.
Consequently, S, of He case is
much larger than Ar.

Clingman et al., Symp. (Int.) Combust. 4, 310, (1953).




Simplification of governing equations
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Zeldovich, Williams, Clavin,
LiAan, Matalon,
Poinsot, T., Theoretical and
Numerical Combustion, 3 eds.

L,

35

Simplification of governing equations
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A one-dimensional steady problem in a coordinate system fixed to a flame

pu = constant = pS;

Example of CHEMKIN
computation for H2/02 flame.

0
x (p(u + Vi)Yy) = dy
N
aT _ -, a (,dT\ ar
pCpudr=o'r +3:(150) =55 (). Coutii)
k=1
No momentum equation:
Extensively used for solving problem with a large number of species

numerically. Used in software packages as CHEMKIN, COSILAB,
CANTERA, FLAME MASTER, etc.

For intuitive understandings, simpler equations are useful and have been
widely used.

Zel'dovich, Y.B. (1941), Spalding, D.B. (1957)
T. Poinsot, Princeton SS Lecture note, 2015.

36




Simplification of governing equations 37
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Additional assumptions

An overall one-step reaction in lean flame is assumed. Expression of fuel reaction rate is written as follows.
Ty
or LA T

T,
W = ype_?a

Instead of N species fractions, tracking only: Y. if Y,=const. is assumed.

Assumed as nearly constant in lean flame

Assuming all Lewis numbers equal to unity Le =

ol
o)

A
where o = —
p

pu = constant = p;u; = p1S,
s a¥e d DdYF +
P1oL dx _ dx p dx [y

codT_d(dry_
P1tpoL gy = ax \Max Qor

Can be simply solved -> extensively used in Combustion Theory, Williams, Linan, Clavin, Matalon...

T. Poinsot, Princeton SS Lecture note, 2015.

Simplification leads to “master equation” of LPF 38
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G(Ir-1n) _ T-T

Non-dimensionalization Y=Y,/Y, 6 = =
1
reer QYy L-1
dY, d{ _dY, )

pISL dx a pD dx + wF /YF (z=—0) £ (distorted space)
Ficurg 1. Temperature and fuel con-
contration profiles in flatne, -, direo-

d T d d T tion of flow; ~——-—, asymptote.
— Spalding, D.B., Proc. Roy. Soc.
P1 G SL dx dx QwF / Cp (T2 Tl) London. Ser. A 240(1220) 83 (1957).

Sd(Y+9)_ d Ad(Y+9)
P1L de  dx

) IfLe=1 D=—

dx pCy
6+Y=1 Chemical enthalpy + sensible enthalpy = Constant
do_d (2do\ N (m o o E ____________ T- Y
=) ',31 (7+ 62, = 1)1 = B)exp (~grgitt=ps)

T. Poinsot, Princeton SS
Expressed by only one variable: reduced temperature, progress variable  Lecture note, 2015.




Capability and limit of simplified models 3
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I .
1 1 1 1 1 L £
07 4 " £ _’!’_"’__/ i : 2
T E <
—&— Numerical solution 5 - = 5E
06 5 Experiments T - Gl s §
-5 Asymptolic solution T - E:
05 - Biva o =
g s —
£ oad L s m i : - ux o w0
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Equivalence ratio §

Flame speed of CH4/air mixture

Equivalence ratio |-|

in em?-mol-cal-sec units

Symbol Reaction 4 £

1S_1GT S40EF12 36600
- 1-R1) CH,+ 20, — CO,+ 2H,0

1 sy (RD CHa* 20, 5 €O+ 2l 330E+15 38000

Poinsot and Veynante, Theoretical and Numerical Combustion Variable transport and thermal properties with overall

one-step chemistry, Sasaki, unpublished.

Flame characteristics and related topics 0
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* Laminar burning velocity
» Adiabatic flame temperature

* Flame stretch

* Flame quench

* Flammability limits

* Quenching diameter

» Excess enthalpy combustion
* Flame instability

Moderate or Intense Low oxygen Dilution (MILD) combustion




Adiabatic one-dimensional premixed flame 4
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* lIdeal flame is hard to realize
because... T

» Effect of heat loss )

 Effect of flow non-uniformity X

o Effect of wall (Thermal and Adiabatic 1D planar premixed flame
chemical)

» Intrinsic flame instabilities

* Thus, measurement of laminar
burning velocity needs various
ideas & technique

* Laminar burning velocity —
(eigenvalue of the governing
equations) essential for
chemical time determination,
kinetics developments, etc.

Lowry, W., et al., J. Eng. Gas Turb. Power 133: 091501 (2011).

Laminar burning velocity, methane-air flame
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T T T T T T T T

50 Methane-air, 0.1 MPa §

Laminar burning velocity, cm/s

0.5 1.0 1.5
Equivalence ratio, ¢

(1),(4),(7) Chamber (2) Flat flame (3) Propagating tube (5),(6) Burner flame

Fundamentals of Combustion Phenomena, Ohm. 2001 in Japanese.




Measurements of laminar burning velocity

Burner method
Flat flame

Outwardly propagating
spherical flame

Counterflow flames

43

Bunsen flame and laminar burning velocity

i + Flame propagate to flow

stream with angle a

S, « Laminar burning velocity
M | could be obtained from «

"\ and U,
Flame N ) \
e NE S, = Uy sina

{ Mixture

Fundamentals of Combustion Phenomena, Ohm. 2001 in Japanese.
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| _-Flame

=]
E ] L— Porous plug

| Screens and
beads

b Hp
f !

Nitrogen

Premixture

Burner stabilized flat flame 4

Flame is stabilized above
porous material where flow
velocity profile is flat

Once flame is stabilized, local
flow velocity could be equal to
laminar burning velocity

Effect of heat loss from flame to
porous material could not be
ignored

Effect of buoyancy is significant
at low flow velocity

Figure: Law, C.K., Combustion Physics, 2006.

ne front {== 2000 K]

Burner plate {= 360 K]

Unbuarnt How |

Modern flat flame burner .

Effect of heat loss to the
burner plate could be
canceled

High fidelity
measurement of laminar
burning velocity by flat
flame is enabled

S|
s Heat gain
-
Al

L.P.H. de Goey et al., Eindhoven TU, 2011-

298 K)




Counterflow premixed twin flames v

Commonly used basic flame geometry,
general characterization of flame

* One dimensional flame

Flame fronts

e o« \\ * No conductive heat loss
17 >~ . * Flow cou[d be
\\ // characterized by an
\ ogmaton unique parameter
pene — stretch rate
— Flame stretch!
Counterflow premixed flame a8

and laminar burning velocity

i, cm/'s

Axial Velocity,

300
Hydrodynaric zone Preheat zone Reaction zone
250 :
K=max(-du/dx) -
200 :
150
100
0 SUIDI’ i

0 02 04 0.6 08
Distance from Nozzle, x, cm

Axial velocity profile along the stagnation streamline and definition of the

sixain rate and reference flame speed,

Egolfopoulos et al., Prog. Energ. Combust. Sci. 43 (2014) 36.




IFS TOHOKU 2022
Kaoru MARUTA

Counterflow premixed flame as
and laminar burning velocity

CH4/Air, & =1

v, cm/sec
g

Reference S,

0 0.05 0.10 0.15 0.20 0.25 030 035
¥, em

(@)

Ka
0002 004 006 008 010 012 034 016
T T T T T o

Reference S, cm/sec

0 200 400 600 800 1000 1200 1400
K, sec-!

(®)

* Local minimum of

axial velocity profile
corresponds to
burning velocity at
given stretch rate

Linear extrapolation
to zero stretch rate
provides stretch-free
laminar burning
velocity of given
mixture

Law, Symp. (Int.) Combust. 22, 1381, (1988).
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Stretch rate 50

Flame stretch rate

_1dA
“TAar
K=V, -Ve+ (Vp-n)(V-n)

Chung and Law, CNF 55(1), 123-125, 1984.
Matalon, CST 31(3-4), 169-181, 1983.

» Effects of flow non-

uniformity, flame
curvature, and
flame/flow
unsteadiness can be
described by the
single parameter

Three factors for
flame stretch are
aerodynamic strain,
flame curvature and
flame motion

Law, C.K., Combustion Physics, 2006.




IFS TOHOKU 2022
Kaoru MARUTA

Examples of stretched flames &

K=a
N
X
l w sin 2a
g 2R;
_ ax 0
Vil T
w
(a) Forward stagnation (b) Outwardly propagating (c) Axisymmetric Bunsen
flame spherical flame flame

Figures: Law, C.K., Combustion Physics, 2006.
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Flame stretch and Lewis number effect 52

* Lewis number:
ratio of mass and
thermal diffusions

Le<1

Maximum Flame Temperature
=
N
j

a A
Le = — where a = —
PGy
—— Complete reaction
== Incomplete reaction
Stagnation surface Increasing Stretch
N
TS, Pl

R — With the increase of stretch
Diffusion of rate, flame temperature
Diffusion of j . .

increases if Le <1 and
decreases if Le > 1

! \
Heat diffusmnl\ S
N
hooe

Mass diffusion

g T o T
Streamline Control volume

Figures: Law, C.K., Combustion Physics, 2006.
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Outwardly propagating spherical flame

+ If a quiescent mixture is
ignited, outwardly
propagating spherical
flame is observed

* When the size of the
spherical flame is small,
effect of the pressure
increase can be negligible

* Laminar burning velocity
CH4/air, ¢=0.65 can be measured if the
effect of flame stretch is
considered

* Applicable to high pressure

Outwardly propagating spherical flame .

Commonly used basic flame geometry
Simple but essential flame physics involved

» Estimating relative flame
speed S, to the mixture from
nominal flame velocity S,

* Density ratio was estimated
from temperature ratio

* Need to consider the effects
of other factors, in particular,
effect of flame radius

— Flame stretch!

Need to consider the effects of other factors,
e.g., ignition energy, stretch rate, etc.




Derivation of LBV from outwardly
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Experiments, iso-octane/air, ¢ = 0.80, Le > 3

20 an 2N a0

Time [ms]

Flame radius [mm]

Flame speed, 5 [cm/s]

propagating spherical flame

Rapid rise
5.7 ms 2 ms
() [gll‘iliuu |
L Reghne 1 \
I I L
o 05 1.0 16 20 25
Flame radiys, R, [cm]
g & v)
I-:'I”Jn.;
r It Tguition
- Linear s
+ extrapolation . 8 ~
L e ";ﬂ\n\"‘
B g T
' L L I |
100 200 300 400 500 &00

Stretch rate K [s]
< n-Decane/Air at ¢ 0.7, 1 atm, 400 K >

Figures: Ju, Y., Princeton SS, 2017.

_ 2.dRy
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L L
propagating spherical flame
Kaoru MARUTA
Experimental results, H2/N2/Air Theoretical prediction
e 5
. ,H’]‘:’f‘f\‘},i ] ‘i 6
1 §
Bt L
1 :
¢ Ei 3.0, . . & 08 4
003 114 = H,/N,/AIR ¢ Meso Macro é
407 10 ] Syg=25em/s 0w o 2 o /
509 162 25k b 1 i
PRERTYS P=0.101MPa 05 ¢ o g i)
o0 20 50 40 50 Ty=298K 07 > o> = A
Time after Ignition  [ms] 20k 09 & A 4 Yot e Il
- 10 O Homsakzed e s, A
‘—8‘ 12v v
Ais Bl |l 5w :
= a%e b, H Lo=21
2 dRy & et LRGN i e
o . 1.0p z‘_ﬁwﬁ’ Sevv ¥ Y im' e
y; v 1
Rf dt 3 For Mesor <5 mm § o, Ry
S ] H an | ¢a
Forg ¥V 5 mJ (¢-0.9) a w' o
=10 orgl2  Fi=ll m (9030507 H ]
b
10 15 i % S
Mean Flame Radius r,[mm] E = | '\\
: 10 20
Nomakzed flame mdiues, R
Figures: courtesy of Prof. Nakahara of Ehime U.
Nakahara, M., et al., PCI 34, 703 (2013). Chen, Burke, Ju, PCI 33, 1219 (2011).
L L
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Determination of laminar burning velocity .

Kaoru MARUTA azo

— DM

linear extrapolation

Hydrogen—Aar

=
-
Normalized flame speed, U
=
T
—

n.s;- /

= 0.0 - L :
= i 10 10° 10" 10° 10
5 Loy MNormalized flame rmdius, R
b 2
5h
$=0.6
=
(BT 2 s §
............ PP TR, Loy | ¥
i 500 1.0 1,50 2,060 2,500 3,000 5
Streteh Rate, (2 Melr,/dt), (s71) E
| i
2 dRy
R; dt
Karlovitz number, Ka —
K, = 2U/(aR)
Figure: Law, C.K., Combustion Physics, 2006. Chen, Z., et al. (2009) Proc. Combust. Inst. 32(1): 1253.
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Variation of measured laminar flame speeds
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350 .® .
é * oo
: en g
= 40 l.‘-; ™
g . ﬁ..' Y |
mmt L ]
é L L] = ‘.. “../.
= . .« *%

s 30 & o Ve

. -
20

1900 1920 1940 1960 1980 2000

Year of publication

Fig. Variation of measured maximum laminar flame speeds of CHy/air mixtures al
standard conditions as a function of year of publication

Egolfopoulos et al., Prog. Energ. Combust. Sci. 43 (2014) 36.
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Tools for combustion and ignition reaction modeling

CHEMKIN
https://www.ansys.com/products/fluids/ansys-chemkin-pro

CANTERA
https://cantera.org/index.html

KAUST CloudFlame
https://cloudflame.kaust.edu.sa/home

NASA CEA
https://www1.grc.nasa.gov/research-and-engineering/ceaweb/topicshome/

GASEQ
http://www.gaseq.co.uk/

Tools in Colorado State University
http://navier.engr.colostate.edu/code/
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Flame basics

Outline

S-curve

Premixed flame
Flame characteristics
Non-premixed flame
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Flame characteristics o

Flame quench
Flammability limits
Quenching diameter

Excess enthalpy
combustion

Flame instability

IFS TOHOKU 2022

Flow direction T
—_—

X

Adiabatic 1D planar premixed flame
T
—_
X

Non-adiabatic 1D planar premixed flame

T

Burning velocity parameter, u

wWinp?=-1

P 1/e

o

0.2 0.4

a‘T daTr
A -mec,—=-w °+!
dxz p dx q .

Zel'dovich, Y.B., Zhurn. Eksp. Teoret. Fiz. 11, 159 (1941).
Spalding, D.B., Proc. Royal Soc., Ser. A 240(1220) 83 (1957).
Clavin, P., Acta Astronautica 3(3): 223 (1976).

Williams, F.A., Combustion Theory, 1985.
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Fundamental flammability limits

& s a . .
£ oo ~ {(L\)  Mixture is on'Iy'
EO AN S flammable within a
s o certain range of the
° | b equivalence ratio
£ : i
S i % * What is the mechanism
o] 1 1
5 ol i of fundamental
g g‘: O‘.G OLS 1‘.() ll 1.4 1‘.6 1.8 2.0 flammability IimitS?
- Equivalence ratio

& Fuel lean Fuel rich >
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A

Tt 222 = —1
I ) 8,
unsta.ble
S
. amm.
hxmts

Flame quench
and fundamental flammability limit

-~ stable

i i/ no inflamm. mﬂ inflamm.
oo , limits limits
fuel/oxidant
a b c d

Burning velocity against mixture ratio.

a, experimental findings;

b, prediction of all theories neglecting heat losses;

¢, prediction of present theory, taking account of heat losses;

d, prediction of Weinberg's theory, neglecting heat losses and radicle-
generation other than branching reaction.

Spalding, D.B., Proc. Royal Soc., Ser. A 240(1220) 83 (1957).

What is the loss mechanism? =>

The question of a long time; solved by microgravity experiments in 1990’s. Microgravity

64




Adiabatic, non-adiabatic & super-adiabatic flames
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- « Adiabatic flame

TA | e -
Adiabatic { * Non-adiabatic flame
------------- + Third status is
S “super-adiabatic or

excess enthalpy
flame” and it would
be better for higher
thermal efficiency

Non-adiabatic

Super-adiabatic or
excess enthalpy

Quenching diameter &
Kaons WARUTA Heat loss
Channel
diameter T Fresh ‘ Burned dq =2 eﬂNu5f
N 0 mixture gas
_ (Heat loss) _ ¢, (T, *Tl‘)w(”dz/“)&/ —4Nu52/d2
- (Heat generation) B 7dd T, -T,) B 4
« Determined from the T
ratio of heat generation } ”3
and heat loss /
« Analogy with s m
flammability limit e
) => Microscale
28 -me, I o —oqe s combustion
66
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E
a
=
k=i
=
o

reaction
zone

e

.
preheat '— recirculation

zone

flow direction

future ?, Nature 233, 239 (1971).
Weinberg, F.J., Symp. (Int.) Combust. 15(1) 1 (1975).

combustion

Weinberg, F.J., Combustion temperatures: The

Reactants (dark in simulation)

* Higher maximum
temperature than adiabatic
flame temperature

*  Wider flammability limits

* Fuels with low calorific
values applicable

Super-adiabatic or excess enthalpy combustion *

b. Excess enthalpy combustion

1-1-52'-3-53"-4-5

31/

Adiabatic flame temp.

Ambient temperature

a. Ordinary combustion
152—-3—4-5

Super-adiabatic
Flameless

IFS TOHOKU 2022

Exergy efficiency
Second law efficiency

Ratio of effective work
to total exergy

Exergy (or availability)

68

Anergy
Reversible process

<}
=
o
o
[
c
)
5
E
Q
=
£

Exergy, E

EQ :Lmax = QHnCamol :QH [] _T()j

T,

H

Exergy loss, Lo
Irreversible process

£,




Exergy efficiency of normal combustion 69
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4y g 2 Iscbaric combustion
3 L 200 | [-omee s b .
gl 4 8 =2 802.3kJ : :
g g P H H
5 % 2 400 | frocoocooees [ Lo P A
.- < ; : 1550)K - 1450 K :
§ : AHE 419k 7e=80%
Flow direction & ~600 ’
Normal combustion 800 :
" Product gas in chemigal equilibrium
~1000 1 i C
300 800 1300 1800 2300 2800
Temperature (K)
100%
N, Ratio of the utilized thermal
energy to the heat generation 3
N.: Ratio of the utilized exergy to S
the fuel exergy Py
N....: Ratio of the utilized exergy to ;
the total exergy
Yoshizawa, J Combust. Soc. Japan 50, 2008 300 _ 800 1300 1800 2300 2800
Temperature (K)

Exergy efficiency of excess enthalpy combustion

1500
IFS TOHOKU 2022 H H
Kaoru MARUTA H H
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2 £ ] H
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Temperature (K)
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Yoshizawa, J Combust. Soc. Japan 50, 2008




4 Spherical flames under intrinsic instabilities "
* Not all spherically
propagating flames are
ideal
+ Some are wrinkled and
cracked due to intrinsic
instability
+ Diffusive-thermal
instability
* Hydrodynamic instability
Law, C.K., Combustion Physics, 2006.
72

Flame instabilities, phenomenology
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Strongly
diffusing ¥
reactant
~— Reaction
Heat

Weakly
diffusing f
reactant A
Normally |
diffusing ] R
reactant

SABATHIER et al., Prog. Aeronaut.
Astronaut. 76, 246 (1981).

Heat x

Heat

Fresh \ Bumt

+ Diffusive-thermal instability =+ Hydrodynamic instability

Williams, Combustion Theory, 1985.
Theory

Sivashinsky, Acta Astronaut. 4, 1177 (1977).
Sivashinsky, Annu. Rev. Fluid Mech. 15, 179 (1983).

Clavin, PECS 11, 1(1985).
Joulin and Clavin, Combust. Flame 35, 139 (1979).
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9 Pulsating

o Traveling,
pul,s‘ating

27N
- N

Diffusive-thermal instability "

+ Depending on Lewis
number and heat loss,
various modes of diffusive-

Traveling thermal instabilities are
S N exhibited.
"k - .
' + Stability of each mode is
{ Unstable indicated in the diagram.
\
9 Y 58 2 —— =k
In (l/p.z)
-al 9 Cellular
k
Joulin, G. and Clavin, P., (1979) Combust. Flame 35: 139.
Williams, F. A., Combustion Theory., 1985
[ 74
Flame basics
e QOutline
e S-curve
* Premixed flame
* Flame characteristics

Non-premixed flame
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Non-premixed flames

r Temperature
/ Oxidizer

Mixing
layer

Fundamentals of Combustion Phenomena, Ohm. 2001 in Japanese.

Fuel and oxidizer initially
spatially separated

If subsequent mixing is
not sufficiently fast, the
mixing and reaction occur
in thin reaction zone

Fuel and oxidizer are
mainly transported
thorough diffusion
processes
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Non-premixed flames

| Rl | x|
Fuel | |z |(_)xid_i?_cr
region | Heat. IZ] Heat, | region
: Product I;I t

Product !

Figures: Law, C.K., Combustion Physics, 2006.

a. Typical configuration of
non-premixed flame

b. Fuel and oxidizer are
transported through
diffusion (+ convection).
Since reactions occur at
finite rate and reaction zone
thickness is finite, some
reactants are leaked

c. Reaction of non-premixed
flame often regarded as
infinitely fast and thus
reaction zone is regarded
as a sheet and no leakage
of reactants from there
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Fuel

Tsuji burner

http://yoshidaweb.web.fc2.com

Counterflow non-premixed flames

Non-premixed flame
established in
counterflow field or in
forward stagnation
region in front of a
porous cylinder

(Tsuji burner)
one-dimensional
stretched flame for basic

flame study, structure,
extinction limits, etc.
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Stretch rate, 56 sec?
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Structure of counterflow non-premixed flame

o
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8

o
®
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Y

Temperature and species concentration profiles were measured.
Contribute to the development of computational code, e.g., CHEMKIN.

Tsuji, Yamaoka, Symp. (Int.) Combust. 13, 723, 1971.
Tsuiji, H., Prog. Energ. Combust. Sci. 8(2), 93, 1982.
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Prof. Tsuji

Tsuji burner

Non-premixed flame of methane and air
stabilized in a forward stagnation region
in front of a porous cylinder

Call for Numinah‘ons:lﬂimshl Tsuji Early Career Researcher Award I

Co-sponsared by Esevier and The Combustian Institute
Pabaatnd: 14 Satarier 20110

Statted in 2014, the Mroshi Tsujl Lary Career Researcher Award (co-sporsored by Elevier and The Combustion
Irrititute) is given every year to recogrite an eady career resesrcher who has made a significant contributian o
advance thesr fieid of research, which should fall under the brosd umbrelt of fundamental or spplied combustion or
combustion-retated felds. The winning researches receives USS 10,000 and the presentation of the award takes place
At the hiennial International Sympasia an Combastion

The award |5 namee the Hirosh| Tsajl Eardy Carenr Researcher Awand in recognition of Prafessor Tsujl's mary
Impartant contributions to combustian scienos, mast famausy his inventian and utilizatian of a stable countardionw
burner he Tsuji burmer. rifluprced  vast numbar of studies and
applcations regarding flame structure, extinction, soot farmatian and other areas in laminar and turbuent

It 3isn for early gt the fiekd,

The award s proudty spansoned by Elsevinr and The Combustion institute.
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Droplet combustion, non-premixed flame

Radial Distance

Similarity in non-premixed flames:
a flame in a forward stagnation region (Tsuji burner) and
droplet combustion under quasi-steady assumption

Large flame radius -> low stretch rate
Small flame radius -> high stretch rate

Figures: Law, C.K., Combustion Physics, 2006.

Ambience o
ame
YO‘N’ T (reaction sheet)
Reaction Yrs T
sheet
T
& Y, Yoo
Fuel Combustion Oxidizer v
vapor products gas F T
Inner T, .
diffusive—convective ().uter‘ ]
region dlft:uswe—convecuve b 4
region f
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Summary of part 1

After overviewing the history of combustion research,
flame basics were introduced for discussing the
microgravity and microscale combustion.

Scaling based on S-curve, premixed flame
fundamentals including formulation, simple theory and
flame stretch, flame characteristics, and non-
premixed flame fundamentals were discussed.

Concept of adiabatic, non-adiabatic and super-
adiabatic flames were revisited.

81
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End of Part 1
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Tsinghua-Princeton-Combustion Institute, 2022 Summer School on Combustion (F"—'
July 11-15, 2022 S;

Combustion in Microgravity and Microscale
Part 2. Microgravity combustion

Kaoru MARUTA
Institute of Fluid Science
Tohoku University

Introduction
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el 1ICrogravity compustuon overvie
Kaoru MARUTA
Target of microgravity experiments
Liquid fuels Gaseous fuels Solid fuels
droplet, spray, pool spherical, jet and counterflow flames, candle, paper, electric wire, particles,
flame ball various materials
1954~present ;
Longest tradition in experiment u ?E - H m
Kumagai, =
”, Williams, s
B s .
Single Group )
droplet  combustion Close and intense interactions with combustion theory ‘
T [ T T
Combustion science Science & space fire safety
i B pjamic
Durations of T = sounding
mICFOg raV|ty Gifu, Japan & 1 | rockets
A Lﬂs - ‘EA"X‘A"“H‘ © A Space shuttle International
| = ) ) | Space Station
I \ —
Various laboratory- NASA 2.2 sec 4.74 or 9.3 sec ~10 sec Parabolic flights, ~20 sec (
at:;osuesd ?aglzzeosry 00 Bremen, Germany 10 ESA,/CNES, NASA, 1 02 104 [SeC]
DAS, Zero Gravity

Microgravity combustion projects

[ g
-u@ https://www1.grc.nasa.gov/space/iss-research/microgravity-research-flights/
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Early reviews on microgravity combustion
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The findings of the review highlight how buoyancy has impeded the rational development of
combustion science, precluding observations of fundamental one-dimensional configurations, low
Reynolds number flows and other limiting conditions.

- C.K. Law and G.M. Faeth - 1994

A review ... is presented, with an emphasis on a discussion of the ways in which reduced-gravity
experiments and modeling has led to new understanding. Comparison of time scales shows that the
removal of buoyancy-induced convection leads to manifestations of other transport mechanisms,
notably radiative heat transfer and diffusional processes such as Lewis number effects.

- PD. Ronney - 1998

Early reviews on microgravity combustion:
1) Williams, F.A. (1990) Combustion phenomena in relationship to microgravity research, Microgravity Science and Technology 3(3), pp 154-161.
2) Law, C.K,, Faeth, G.M. (1994), Opportunities and challenges of combustion in microgravity, PECS 20(1), 65-113.
3) Ronney, P.D. (1998), Understanding combustion processes through microgravity research, Symp. (Int.) Combust., 27(2), 2485-2506.
Review on gaseous combustion limits:
4) Ju, Y., Maruta, K., Niioka, T. (2001), Combustion limits, Applied Mechanics Reviews 54(3), pp. 257-277.

Featured topics of microgravity combustion
(A
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Condensed fuel Flame ball Counterflow
combustion Zel'dovich, flame/flammability
From droplet to flame ?;j';“a“e" limit
spread in various materials !
Ronney
Pioneer exp. 1954~ Theory 1940's~ Theory 1950's~
Experiments 1980°’s~ Experiments 1990's~
Kumagai, o f
Williams, e --'J e !
Law, Dryer g
Droplet combustion Flame ball Radiative extinction
Cool flame
Low Mach number Comprehensive Time scale analysis for Combustion limits
low Froude number review on stoichiometric and near- Premixed flame, Dynamics
microgravity limit conditions, and instability, Non-premixed
\I;Vﬁ:m’jﬁxg;:zg:zﬁher combustion Chemical, Buoyant, flame, lifted and edge flames
3,1990, 154. Law & Faeth, PECS 20, Conduction, Radiation Ju etal, Applied Mech. Reviews 54,

2001, 257.
1994, 65. Ronney, Int. Symp. Combust. 27,

1998, 2485.




Kaoru MARUTA

IFS TOHOKU 2022

)

Tonax (M.

Stable solu (A'ron

What happened on S-curve

in microgravity?

Unstable solution

_@ 4 Ignition

Stable solution

Damkdhler number, D

Low Mach number

low Froude number review on-
Low Reynolds number microgravity
combustion

Willams, Microgravity Sci. Tech.
3, 1990, 154.

Comprehensive

Law & Faeth, PECS 20,
1994, 65.

Time scale analysis for
stoichiometric and near-
limit conditions,
Chemical, Buoyant,
Conduction, Radiation

Ronney, Int. Symp. Combust. 27,
1998, 2485.

Combustion limits
Premixed flame, Dynamics
and instability, Non-premixed
flame, lifted and edge flames

Ju et al, Applied Mech. Reviews 54,
2001, 257.

Radiative extinction
Radiation reabsorption
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1) Kumagai, Isoda, Symp. (Int.) Combust. 6. 726 (1957).
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Figure 8. Variation of droplet diameter and flame diameter
‘of spherically burning n-heptane droplet

2) Isoda, Kumagai, Symp. (Int.) on Combust. 7, 523 (1958).

One of the representative
fundamental non-premixed
flames

The world’s first scientific
experiments conducted
under microgravity (1950’s)
by Seiichiro Kumagai of
Univ. of Tokyo

Prove D2-law by providing
high fidelity data




Droplet combustion in Space

» Droplet combustion has
been extensively
contributed to the
understandings of spray
combustion to date

+ Finally, cool burning flames
of free droplet observed in
International Space Station
(ISS) in 2008-2009 (Prof.
F.A. Williams of UCSD &
collaborators)

Nayagam, V., et al., Combust. Flame 159(12): 3583 (2012).
Nayagam, V., et al., Combust. Flame 162(5) 2140 (2015).

ttp://jacobsschool.ucsd.edu/news/news_releases/release.sfe?id=1548

https://www.youtube.com/watch?v=qQQ10HW1_F4
https://www.youtube.com/watch?v=BxxqCLxxY3M

Microgravity combustion:

Flammability limit and near-limit flames

History
Counterflow flames
Flame ball

Near-limit flames with
complicated combined
effects
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e, 1800 | Requirement for fire safety in coal mines

History of study on combustion limits

Flame ball was predicted

Basic limit theory presented

The world first experiment
in microgravity (Kumagai)

Large variations on
combustion limit study

Lean burn

Flammability limit
theory (Planar flame)

Drop tower (NASA, JAMIC)

Space experiments

Flame ball

---------
----------------------------------------
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Flow direction T
—_—
X

Adiabatic 1D planar premixed flame
T
—_—
X

Non-adiabatic 1D planar premixed flame

Burning velocity parameter, u

wWnp? =—1

d*T
dx?

1/e

0.2
Heat loss parameter, /
dT
me,——=-wq°’+L
dx

Flammability limit theory (1940’s-)

Concept of flammability limit for one-dimensional planar flame

* Flammability limit
may be induced by
a certain heat loss

e What is loss
mechanism?

* Conduction loss?
Radiative loss? If
adiabatic, no limit?

Zel'dovich, Y.B., Zhurn. Eksp. Teoret. Fiz. 11, 159 (1941).

Spalding, D.B., Proc. Royal Soc., Ser. A 240(1220) 83 (1957).

Clavin, P., Acta Astronautica 3(3): 223 (1976).
Williams, F.A., Combustion Theory, 1985.




What is the mechanism of fundamental &

Fs TOLI 2022 L B ° o
AR flammability limit?

—~ 1 1 . .
2, i > * Fact: mixture is only

T T
o 1 1 . . .
Z o () | flammable within a certain

1 \
= 1 . S . .
S w i /\\ I range of equivalence ratio
- 1 ~
[ 1 e 1

Lo . C. . .
o T / . : * Loss mechanism?
S w | C:fre
E : 1 s;ahle
a3 o | é CPE“
[ : : Sy
g 00 1 o
c unstable
% 0T o OF ToTr T 5 15 20 L ! [f===]
- infaca. o inflmm. inflam. inflm.
Equivalence ratio fimite T ot e
« Fuel lean Fuel rich — a b o a
a, experiment; b, all theories neglecting heat losses; ¢, Spalding theory d, Weinberg
theory neglecting heat losses and radicle-generation other than branching reaction.
Spalding, D.B., Proc. Royal Soc., Ser. A 240(1220) 83 (1957).

Conventional methods 14
of combustion limit study

Constant volume
chamber

Propagation
tube




Fire safety in mines, “standard” propagation tube *
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TanLE 1.—Limits of flammability of hydrogen in air in smaller vessels
Upward Propagation of Flame

Dimensions of . H
PN _— e o Limits, percent
) Content, of aqueons | Referonce -
Firing end - Vapor " R 2
FLAMMABILITY }
LMITS OF OF Dismeter | TLength Lower | Higher
GASES AND VAPORS .
75 150 sl 7o 305
L5 ——— 53 150 | Oper 419 74.6 94
em] 33 180 ¥et EEos 9
33 150 siar |l a7 | o)
20 150 sl s s
20 150 ol 7o 1ss
@ 48 156 10 738 38
is 50 st i
18 50 30 57
. 28 150 i 71
i 23 15 i 5o
S 23 % i1 99
23 pii ) 71
3 16 9% 122 95
2 8 % 51 9
g
3 Horizontal Propagation of Flame
5] | prooem. :
§ U To power line 1 L e Haltsaturated____.| 509
Switch ; g : ;5 g' d . 356
formi 2 o i I ) S— Satirate 71
)4 Transformer i3 [Ty 75
w 9 &7 65.7 | Saturated 276
k
d . ‘Downward Propagation of Flame
Induction coil
5 x 20 o3
g 32
£ 3] b
g 70 15
95
= 60 525
80 527
a0 305
53 ]
- Flam tion tube, B f Mines, US
ame propagation tube, bureau o Ines,

w— ¢ Flammability limits significantly differ in the
P Sgpastos r Dtntg Tdie o Mol of Gl o Vo upward and downward propagating H,-air flames

COWARD, H.F. and JONES, G.W., Limits of Flammability of Gases and vapors, BUREAU OF MINES Bulletin 503, (1952).

Experiments by propagation tube CH,-air 0
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TasLe 11.—Limits of flammability of methane in air, with upward

tube, em. Limits, percent
s o sy o8 Firing end
e p— Dismeter | Length Lower Higher ~ N~ ~ o - e - -
T~ 102 500 1500
7.5 535 1485
& 5o Pio| i3
53 52 143 w N
50 1511 - - e -
R 50 5o 1425
50 524 14 02
50 53 13 80
£7 53 153
e 55 141
i i L -
55 -
25 580 1320 e & "
22 548

Tass 13.—Limits of flammability of methane in air, with downward

Wi choiiene -

Dimensions of tube, em. Limits, percent Fc. 6. Visible ight photomraphy of the extinction of a downward propagating flame. Notice that the
e e B LU ey - e T L e T e &
meter ngtl wer igher Fic. 5. Schlieren photographs of two downward ng rate: 64 frames second. Time is increasing from top (0 bottom and then from let 1o right
propagating flames just prior to complete extinc-
80 29 29 tion. Notice the tongue of hot gas ahead of the
134 [ el main flame. This is a typical observation of the
6.1 61 13.0 extinction process for a downward propagating flame.
6.0 6.0 13.4 processior Ly c
5.0 5.80 13.38
5.0 6.12 13.25
4.0 6.1 13.3
g 7 g 84
.5 . 1 HH . .
2.5 6.30 12. 80
3] . ; + Flammability limits of the upward and
22 5.6 13.6
£ 31 ina fl
3 downward propagating flames not
. 515 7.03

significantly differ as hydrogen but still
COWARD and JONES, BUREAU OF MINES Bulletin 503, (1952). signiﬁcant effects of the tube directions




IFS TOHOKU 2022
Kaoru MARUTA

History

Flame ball

Counterflow flames

Microgravity combustion: i

Flammability limit and near-limit flames

Near-limit flames with

complicated combined

effects
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-Buoyaricy

-Cjwa‘tﬁe

~Heat1osses

-Flame stretch

-Wall-effect

Flame stretch rate

Mixture
(Fuel +
Oxidizer
:L / \:: .
\ /

Stagnation plane

Low-speed counterflow flames under microgravity *

Fuel concentration at
extinction

Concept
Law, Egolfopoulos, Symp. Int. Combust. 23, 413 (1990).
Microgravity experiments
Maruta, K., et al., Japanese Symp. Combust. 33, 137 (1995).
Maruta, K., et al., Symp. Int. Combust. 26, 1283 (1996).
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Microgravity experiments at drop tower

BTH 10 seconds microgravity

during 490 meters free fall,
facility closed on 2003.

"‘"’] BFHTHL
amHAE

EEETE g
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Counterflow flame experiments
in the ten-second drop tower, CH4/air

Counterflow twin flames at small stretch rates under microgravity (mid 90’s)

Maruta et al., International Symposium on Combustion 26, (1996).

20




Results of microgravity experiments
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C-shaped curve for CH, (unexpected!)
and monotonic curve for C;Hg

30 1

r Microgravity experiments

Non-
flammable

 Non-
20 | flammable

Flammable

CH4/air
10

Flame stretch rate [1/sec]

) SN
0.45 0.5 0.55
Equivalence ratio

Flammability limits of
Maruta, et al., Japanese Symp. Combust. 33, 137 (1995). p|anar flames

Maruta, Yoshida, Ju, Niioka, Symp. Int. Combust. 26, 1283 (1996).

21

Experimental C-shaped extinction curve and radiative

IFS TOHOKU 2022 < <
e WARUTA extinction
0 1400 r T T T
Microgravity experiments v I ]
ey : « r ]
ﬁ Non- ﬂamma‘pl_e_:‘ £ - 1
=2 fIamma:)_lf—ﬁ, Flammable § 1300 r 7
£ Flammable o} L e
e o -3 r i
£ b QHaair . § - 1
@ 6 CaHB/air o 1200 - D=0 ]
o L 4
£ -t E I —O— Radjation heat loss ignored g
o 1 = F  —— Radiation\ heat loss included b
s L 4
1100 L L o 1

o . P 1 2 s 10 20
045 05 l ™S 055 Stretch rate, 1/s
Equivalence ratio \-\

Flammability limits of
planar flames . " P
Another extinction limit
Maruta, et al., Japanese Symp. Combust. 33, 137 (1995). appeared When w
Maruta, Yoshida, Ju, Niioka, Symp. Int. Combust. 26, 1283 (1996). transfer is considered

Computations:
Sung and Law, Symp. Int. Combust. 26, 865 (1996).

Guo, Ju, Maruta, Niioka, Liu, Combust. Flame 109(4) 639 (1997).
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Experimental C-shaped extinction curve and radiative
extinction

1400 ——— ;
o L 4
St - -
8 1300 -
: : (/M ]
L - -
-9 r 4
E N 4
3
o 1200 - 0.43 ]
E L  —O—/Rhudiation heat loss ignored 4
= - diation heat loss included 1
1100 L L P NS | 1 ]
1 2 5 10 20

tretch rate, 1/s

Another extinction limit
appeared when radiative heat
transfer is considered

Fraction of radiation, %

20

10

Despite low flame temperature,
volume effect makes the role
of radiative heat loss dominant

v

T T T T T T

=0.48

P N N R N B MR

1 L 1 L

e

a
=3

20 40
Stretch rate, 1/s

L L KK
:f CIrd}’/j thwkMkdy
L “Li=

Tr

Guo, Ju, Maruta, Niioka, Liu, Combust. Flame 109(4) 639 (1997).
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S-curve and radiative extinction

] Stable solution
£

Unstable solution

)

4 lgnition

Stable solution

Damkihler number, D

o 10 ¢ 10 a0 1w 100 10
D,

Fendell, . E. (1965),
J. Fluid Mech. 21: 281.

Ficons 4. Plot of maximum tempornture vs first Damkobler similarity group.

Flame temperature, K

1400

1300

1200

1100

Conventional low Da
extinction at high stretch

LI N L N N B N N S B B

0.43

adiation heat loss ignored
adiation heat loss included

TN TN TN T O TN DO T T Y O U

-

2 5 10 20
Stretch rate, 1/s

Another extinction appeared at
low stretch

24




Experimental C-shaped extinction curve and 2

IFS TOHOKU 2022 h : “G 2
K WARUTA comprenensive -curve
0 T T T T T T T
t Mscrogranity mxparimants A
| Hors ot CH4/AIR
{oNe  Tamm nable 3 -
[ Marmatis s R i 10
. = Stretch limit of normal flame
= o
. > 100+ -
Q
H N
L g 2
045 a " 55 =] imi
o Chibaidrcs i £ 10k B Jump limit of weak flame |
Flammagity il &0
planar fames &
= /
=
S o1t 4
Radiation limit of
normal flame —! Radiation limit of weak flame
- | E | 0=0501 . | .
04 0.6 0.8 1

Equivalence ratio

Ju, Guo, Maruta, J. Fluid Mech. 342 (1997)
Maruta et al., Int. Symp. Combust. 27 (1998)

Experimental C-shaped extinction curve and

Pty comprehensive “G-curve”
1400 - T T T — 1400 . ,
M [ T [
g-r - b CH4/Air ]
8 1300 - . g s 1
g L /"‘.‘ ] z
= I : ! ]
3 B ] é:.‘. Bo- S e —
o 12001 ©=0.43 7 E T
E I —O— Radiation heat loss ignored g 2 1
= -  —®— Radiation heat loss included b = r
- B 1250 - -
1100 L ; i
1 2 5 10 20 2w b
Stretch rate, 1/s [ ]
? 1200 - /\ : “0 -
Stretch rate (1/s)
If equivalence ratio was
changed, island responses with
different size were appeared
Ju, Guo, Maruta, J. Fluid Mech. 342 (1997)




Experimental C-shaped extinction curve and

IFS TOHOKU 2022 . “ ,,
bt comprehensive “G-curve
1400 T
r T 7 1500 : T o T
[ Q=46 r 1
[ : [ CH4/Air Q=5.0(9=0.501) 4
+ CH4/Air - - 4
o 1350 — @ L a’ 4
g
S0 ] % 1400 1= . 7
El r 1 £ i Jomp fimit Q=4.9(0=0.491 ]
E [ ] = L =4.9(0=0.491) <
& 1300 — - E L 4
5 ] £t .
© L ] < 1300 B
= 1250 i S Y i
i ] = r ) =
[ i b ol * Stretch extinction limit of normal flame — -
F 1 1200 ~ .- Radiation extinction limit of weak flame -
1200 - A 110 - 1 1 K
Stretch rate (1/s) 1 Stretch ll?ate s 100
Ju, Guo, Maruta, J. Fluid Mech. 342 (1997)
o o L
: Experimental C-shaped extinction curve and
IFS TOHOKU 2022 s (13 2
(e comprehensive “G-curve
1500 T T ) T
: CH4/Air Q=5.0(9=0.501) :
ot . ] T ]
% 1400 |- H N = i
& L Jump limit, 4 — .
g o] ] CH4/Air
! ] g ]
o 1300 — *2 L .
Eor ] s 2 .
= : ) : = - 4
Foa s Stretch extinction limit of normal flame — - -g r }2=5'0@=O'501) T
1200 T—Radixlinn extinction Iillnil of weak flame ) = E r T
5t |
1 10 100
Stretch rate (1/s) ga' 1= .
-5} - -
£ L ]
= L N
r = 0 P ¢ ]
b e N ] N B
1 10 100
Stretch rate (1/s)
J ; Flame separation distance
X
. . . Ju, Guo, Maruta, J. Fluid Mech. 342 (1997).
Non-adiabatic (counterflow twin flames) Buckmaster, J., Combust. Theory Model. 1(1): 1 (1997).
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Le=0.67

\
Strelch ext. limit
10*

Le = 0.67

Jump limit of weak flame

rd
Radiation €
ext. limit

Stretch rate at extinction limit (1/s)

PN
{E Raditon ext. imit of weak fame F

06 08
Equivalence ratio

Effects of Lewis number on extinction curves
G- to K-shaped transformation

10° 10’
g Lwzs < Le =1.82
g (A £
:
£ Le =1.25 I
< » s
< B ¥
3 Radintion N \_Jomp it of weak flame 2
5w S 7 . E .

4 B i
£ N 1
Radiation ext. Imilt of weak flame F w

o 1 o

D Jump lmit of weak fame
&
.

/

Radiation extinction limit of weak flame £

S
Stretch ext. limit

73 05
Equivalence ratio

Le =a/D

Le=to

Streteh ext. limit

Le=1.0

£
P
g
2
R0
® B
g Jump limit of weak flame
E A \
£ [ Rasiaton
E et lmit
2 ol P
"' Radiation ext. limit of weak flame F
0!
1

06 03
Equivalence ratio

Lewis number

Stretch rate at extinction limit (1/s)

s 0.
Equivalence ratio

10°

CI: Stretch ext. limit of flame IV
TH: Radiation ext. limit of flame IV
? EBC: Ext. limit of flame 1T

BD: Jump limit of flame I

v Le=1.43
) Jumpt limit of fame 10
w E 4 .
7 ¥
Radiaton ext. lmic of flme 11
o

Streteh ext. limit of flame 1

3 05
Equivalence ratio

Ju, Guo, Maruta, Niioka, Combust. Flame 113, 603 (1998).
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Le=1.0 30

Le=10

Stretch ext. limit

B
Jump timit of weak flame

Radiation
L. limit

Stretch rate at extinction limit (1/s)

-
? Rt e i of el e

1o 04 0.6 08
Equivalence ratio

Flame stretch rate [1/sec]

N
o
T

—_
o
T

Microgravity experiments

Non-
flammable

Non-
flammable

Flammable

CH4/air

Maruta, et al., Japanese Symp. Combust. 33, 137 (1995).

Ju, Guo, Maruta, Niioka, Combust. Flame 113, 603 (1998).

Maruta, Yoshida, Ju, Niioka, Symp. Int. Combust. 26, 1283 (1996).

rl\ 4

0.5

Equivalence ratio

Flammability limits of planar flames obtained
but sublimit mixture is flammable ...

10°

Stretch rate at extinction limit (1/s)

0!

? EBC: Ext. limit of flame 1T

CI: Stretch ext. limit of flame IV
TH: Radiation ext. limit of flame IV

BD: Jump limit of flame I
Streteh ext. limit of flame 1

Jumpt limit of flame 111
7/

7/
Radiation ext. limit of flame 111

04

3 05
Equivalence ratio
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Limit of planar flame

# “flammability limit”

Definition?
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Flame physics of flammability limits

H2 mole fraction in t
10

L/s

he mixture. %

an

3
= -
= o 2
wT = i 3
l Micrograly sxperiments g 10 / £
= | Hon- y B / H
I 1 Hen Marnmatie g1 / Counterflow H2/air premi lame i
=20 | Famnmable - Flammabile ; al { g
a <> " . T 10 =
B | Flamenabibe
< # 3 I H
§ l b CHalar . R 3
= | CaHE=r = &
#:0 ] 5 H oot
2 | g
| 107"
[ 2
o L 4 ]
045 0S5

05
Equivaianca rat

L
™ Flammability limits of
planar flames

Guo et al., Combust. Theory Model. 4-4, 459 (2000).

TABLE 1 Flammability Limits of Fuel Gases and Vapors in Air at 25°C and | atm

Stretch rate at extinction limit (1/s)

31

<
Stretch ext. imit

Lean limit Rich limiy
Jomp it of sk tame
(Val %) (Vol %l £
{Vol F)s, Vol %ojsr,
Fuel Vol % 19l Vol % [#1
Methane 50 0.53 [0.50] 150 161L7)
Propane 1 0.57 [0.561 9.5 25271
Hydrogen 4.0 75 254 (7.14) Maruta, et al., Japanese Symp. Combust. 33, 137 (1995).

Maruta, Yoshida, Ju, Niioka, Symp. Int. Combust. 26, 1283 (1996).

Glassman, Combustion Ju, Guo, Maruta, Niioka, Combust. Flame 113, 603 (1998).

Lean limits of radiative planar flame %
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Juetal., Symp.(Int.) Combust. 27, 1998, 2619

» Radiative heat transfer

20 T T —T—— 2000
""""""" Reabeorption cHaAir 1 considered in energy
g -“:" ﬁp“ca"y ttc'lmW chi 1985 ] 9 t
oA 15 o g;enil:ﬁ)yw;;nReus; 1l9n;1n’ T 1] equa Ion
o) + kajima, et al., 1984 ..o &
e ggg;mihg_m, """""" 1w & » Case of heat loss only
g = g (optically thin model)
-_— =1
) k! E .
¥ s » Case of heat reabsorption
g 5
E 100 & (Grey, SNB, etC.)
P=0468 1 |
0 045 0.5 0.55

Equivé\lence ratio

ﬁ

| | g Mechanism of planar flame limit was clarified
Adiabatic (1D planar flame) = but for fire safety, Lewis number effect and
reabsorption effect should be considered.

x
Morradiabatic (1-1D planar flame)




Lean limits of ideal planar flame

Juetal., Symp.(Int.) Combust. 27, 1998, 2619

| » Radiative heat from burned

e gas would be reabsorbed if
A ' optical thickness of cold
mixture is large enough,
e.g., large concentrations
of CO,, H,0, etc.

» Absorption coefficients of
radiative gases broadened
at higher temperature. This

. leads to the limited degree
3"\\< of reabsorption.

MNorradiabatic (1-D planar flame)

coefficient (m ‘atm™’)

Absorption
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Microgravity combustion:

Flammability limit and near-limit flames

History
Counterflow flames
Flame ball

Near-limit flames with
complicated combined
effects

34




Peculiar flame in microgravity: Flame ball %
ety Flame ball (Predicted theoretically at first in 1940's)

T-1r

Intesiar i nd
with comblistion

Reaction zone, = ¢

&

Flame ball Zeldovich

Fual and oxygen Heat and products
diffuse inward diffusa outward

Zel'dovich predicted (1944) stationary spherical flame only
sustained by heat and mass transports in molecular diffusions
and reaction without any convective flows

Mathematical analysis indicated that it is unstable
but radiative heat loss was not considered

Zeldovich, Y.B., Theory of Combustion and Detonation, NN Semenov, 71, 1944.

(3 (] L3 36
Flame ball solution, adiabatic
0 —li zﬂ B 6/2T,) 6 lF
o e\t exp(=6/2T.) (”)_9
o 0o L1 L(ad) o oramys
“lerzar\ ar)” exp(=0/2T.) 6(m)
isoried RSCpf | ECp
e PR F=9 20 7 o= RO
d d 1
S \::M“ Flame ball E(r25> <T * EY> -
T+ ! Y =T+ ! Y;
+ Stationary spherical Lew ~tTLet
i 1 YA 6/2T,
flame sustallned.by heat T=T4 s (Ta=T)  R=1 ezséc/ b)
and mass diffusions v
« Stable only if radiative r<it  T=1 f: 0
. i1 1
heat loss exists r>1  T=Tj+gs. Y= Y,-(l —;)
Buckmaster, Weeratunga, Combust. Sci. Technol. 35, 287 (1983).
Deshaies, Joulin, Combust. Sci. Technol. 37, 99 (1984).
Zeldovich, Y.B., Theory of Combustion and Detonation, NN Semenov, 71, 1944.
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Discovery of flame ball 37

Ronney(1990) Observation of spherical flames
in microgravity experiments at 2.2 sec drop tower

Ronney(1993) Observation of the flames in
aircraft experiments, longer time microgravity
duration but with severe gravity fluctuations

Three essentials: microgravity, low Lewis number, Structure of Flame Balls at

vicinity of flammability limits Low Lewis Number
(SOFBALL)

Ronney (USC) + Tohoku (1996) collaboration at
Japanese 10 sec drop tower (JAMIC)
steady and stable flame balls observed

Space experiments in the Shuttle, 1997 STS-
83/MSL-1, STS-94/MSL-1R, and 2003 STS-107

Ronney, Combust. Flame 82, 1 (1990).

Buckmaster, Joulin, Ronney, Combust. Flame 79, 381 (1990).
Ronney, Symp. Int. Combust. 27, 2485 (1998).

Abid, M., et al., Combust. Flame 116, 348 (1999).
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Flame ball in aircraft, KC-135 3

Ronney, early 90’s




Flame ball, drop tower in Japan

490% H2 9.80% 02 85.00% COZ2
latm

Mirogravity

Microgravity experiments at 10 sec drop tower (~104G)

Late 90’s, USC + Tohoku, Combustion and Flame 116, 348 (1999).

39

Flame ball in Space Shuttle

Experiments in the Space Shuttle (STS-107, Ronney, 2003)
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Regime of flame ball and planar flame
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no [ T T T . T T T T
i - T quench planar
pgr:seigle quench (a) ~, > propagating (b)
N o flames can
S 1 f I exist
S 5 steady quench
N steady flame balls ~ 1 flame oanar) ]
< @ balls i
S [ propagating
g 'GE') -« flames ) H2 mole fraction in the mixture, %
@ I 3 a3 10 20
£ L s @ LW
g planar a 3 E-I A
g e g 2 [y g 7
= exist g E = 0l 4
] = 2 §
S g e h -
2 ql:ench . & = quene é) e Counterflow E2/air premixed flame
0.1 L L n L L L L
@ 4 8 10 12 0.1 10 15 20 25 30 8
Mole % H, Mole % H2 2
2
=
Fig. 8. (a) Eventual fate of flame balls as a function of r, 5
and X, for H,—air mixtures. (b) Eventual fate of flame balls 2 0.2 o e o‘a -
as a function of r, and X, for H,-O, mixtures. @ Equivalence ratio
Flammable regions of H2-air
counterflow premixed flame.
Point K is the flammability limit
of a planar premixed flame.
Wu, M.-S., et al., Combust. Flame 116(3) 387 (1999). Guo et al., Combust. Theor. Model. 4, 459 (2000).
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Flams raths, i, o]

Tim, £ 13}

MNormalized flame propagating speed, U

Hormalized flame radius, R

=

Nomalized flame propagating speed, U
2

Critical flame radius for self-propagation at different
Lewis numbers

+ Q=0 (Q: initial external energy deposition)

0 20 30
Nomalized flame radius, R

Le=a/D Gasoline/air: Le =2.3

Chen, Burke, Ju, PCI 33 (2011).




Microgravity combustion: 3

Flammability limit and near-limit flames

G0
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History
Counterflow flames
Flame ball

Near-limit flames with
complicated combined
effects

+ Self extinguishing flames
(SEFs) were observed in
microgravity

NORMAL FLAMES

SPARK ENERGY

pre « Effect of ignition energy,
L COMMONMOIGNION. flame curvature and
; P coneatATor radiative loss were

\ discussed

[ rsme) + SEFs could be

SPARK ENERGY

interpreted through
analogy with counterflow
I, flames under microgravity

© FUEL CONCENTRATION

ENERGY

s
Fig. 5. Observed flame radius versus time for several values of nitial spark energy. (a) _
5.07% r. ' L . .

% methane at 760 Torr. Fig. 4. Schematic diagram showing regions of flame

ignition and extinction behavior: (a) one-g, (b) zero-g.

Ronney, P.D. and Wachman, H.Y., Combust. Flame 62(2) 107 (1985).
Ronney, P.D., Combust. Flame 62(2) 121 (1985).
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Flame instability 45

“@

FIG. 2. A clockwise rotating spiral wave in 1.30% C4H,,—21.0% O,-He.
The time between sequential frames is 1/500 s. Image intensities have been
inverted, such that the blue flame appears dark and the back background
appears light.

Pearlman, H.G., Ronney, P.D. 1994, Physics of Fluids 6 (12) , 4009.

o Travel_ing,
p:ll,si*!\l:'g

401 *‘/3L 12)

212

o
Stable

o
Unstable
—

0 04 0.8

I

iz
In (/63

7 Cellular

Joulin, G. and Clavin, P., (1979) Combust. Flame 35: 139.
Williams, F. A., Combustion Theory., 1985

Related study, e.g., Kazakov, K. A. (2012). "Analytical study in the mechanism
of flame movement in horizontal tubes." Physics of Fluids 24(2): 022108.
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Flame spread along electric wire in microgravity

Kaoru MARUTA
Fuel Heat i
\-'lllh'.'ll'

-]
A ]
A (B £3 1 i
. ¥ oo 3
Melting part 2 3

Spherical flame sheet

Umemura, A,, et al. (2002). "Physical model analysis of flame spreading along an electrical
wire in microgravity." Proceedings of the Combustion Institute 29(2): 2535-2543.

46

» Complicated combined
effects of transport and
reaction than gaseous
combustion

* Phase change, pyrolysis,
etc.. and difficulty in
defining system boundary
conditions

» Essential for space craft
safety

Huang, X. and Y. Nakamura (2020). "A Review of Fundamental Combustion Phenomena in Wire Fires." Fire Technology 56(1): 315-360.




Low-speed counterflow flame experiments a7
in microgravity for comprehensive
combustion limit theory (2010-)

Flame ball

Constructing comprehensive combustion limit theory
which covers both conventional flames and flame ball
based on low speed counterflow flames under microgravity

Microgravity experiments by aircrafts 4

DAS(2010~present) ZERO G (2019)

https://www.das.co.jp/en/index.html https://www.gozerog.com/
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Counterflow flame and flame ball

z

CH,/0,/Xe mixture
oT™™
T,=300K, 1.0 atm

= Xor _g 141

Inert

Flame ball radius (cm)

=
W

*
o

e
—

*Flameball -+ Counterflo

— Y 1000 2
4 100 £
E =
B ] 2
S
4 10 £
b
. ! e
L 112
1 1 E™
I | =
- 2
. ! @
034 037 0.1 £

3 0.4 0.5 0.6

Equivalence ratio

Possible experimental procedure can be made by the diagram

Takase, K., et al., Combust. Flame 160, 1235 (2013).

%

LD
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Result (Twin flames -> ball-like flame)
Equivalence ratio gradually decreased (Kr case)

50




5;3’-‘ Flame transition: mechanism 51

G0
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e Computation (CH,/O,/Xe) _
Stretch rate: 3.2 57! Experlment Theory
) 1400 - Stretch rate: 3.2 s°!
= E OT™M
g 1350 ] Tozzot))(K,Lo atm Ro/Re .
B ] Z=%=0.141 g . = e
é 1300 1 Flame ball §
b 3 ;
< 1250 - S\ e
E ] E |
2 ] S i
E 1200 = ; .
z ] Counterflow flames 10.89's 10.93 s P o S
2 1150 +— — T Extinction of Formation of “:, ;;;-- Small Flome
03 0.4 0.5 planar flame ball-like flame B Heat loss Gr?
Equivalence ratio (ER ~0.45)

Buckmaster et al. (1990) Combust. Flame 79: 381.

Takase, K., etal., Combust. Flame 160, 1235 (2013). Buckmaster et al. (1991) Combust. Flame 84: 411.

Lee and Buckmaster (1991) Siam J. Applied Math.
51:1315

Maximum temperature:

Counterflow flames < Flame ball

%

52

= Result (Xe cellular flames)

IFS TOHOKU 2022

Stretch rate 2.5 (1/s), ER:0.58—0.3




Result (Xe sporadic flames -> extinction) 53
g g_ 080 “0 g
é% 0.60 = 1 20 E\T
25 040 =
&7 020 . 00 @
0 5 Time [s] 10 15
Extinction:
Stretch rate 0.802 s
Equivalence ratio 0.372
Sporadic cellular flames by 3D computations 54
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Contour of C=0.15 (top) and concentration distributions in z=0 (bottom) for Le=0.3;
(a) h=0, a=0.067, (b) h=0.6, a=0.033 (c) h=0.8, a=0.033.

Fursenko et al., Combust. Flame 162, 1712 (2015).
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Unified combustion limit theory?

=
<y
T

-
j
T

._.
2
T

Velocity gradient, 2v/d (1/s)
5

- F
Radiati H
normaj

{o=0501 ) ! )
0.4 0.6 0.8 1
Equivalence ratio
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Regime diagram of flame transitions

l‘ I CH4/02/xe ll 'l
100 —— 1D limit
a Planar flame
10 ;

Fursenko et al., Combust. Flame 162, 1712 (2015).
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Flame structures (¢ = 0.42)

Computations by 3D
thermo-diffusive model

Flame structure of H
counterflow flame, flame 12 12
ball and sporadic flames = f}ounterﬂow planar flame

are compared < 1.0 — ;L
Temperature profiles % 08 I g ofadic 1 0.8 ‘8’
shqwed spo.radlc flame is £ 06 | Flame Flame ball 1 06 ;é*
an intermediate mode of ] g
combustion between 8 04 1 104 g
counterflow flame and g 02 [, 1025
flame ball = 00 1 1 1 0

-20 -15 -10 -5
Location (-)

Okuno et al., Combust. Flame, accepted
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Summary of part 2

We have surveyed the purpose, means, and projects
of microgravity combustion, and selected the topics to be
mainly discussed.

After a brief introduction of droplet combustion, flammability
limits and near-limit flame behavior were discussed.

The low-speed counterflow flame method was introduced
and radiative extinction, flame-bifurcation and limit
mechanism were discussed.

Finally, flame ball was introduced and near-limit flames
subject to multiple combined effects were discussed.

58
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End of Part 2

Tsinghua-Princeton-Combustion Institute, 2022 Summer School on Combustion 6?’""—'
July 11-15, 2022 sf

Combustion in Microgravity and Microscale
Part 3: Microscale combustion

Kaoru MARUTA
Institute of Fluid Science
Tohoku University
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Introduction
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Microscale combustion

1st gen. (2000-)

Not only for applications but also various combustion
science studies in microscale platforms are conducted.

Initial motivation: to solve the problem of huge battery
compared with small main device by employing liquid fuels.

Energy storage often too big...
Pister & Warneke

Numerous attempts have been made to aim for ultra-
compact power generation and propulsion devices.
Reviews and book: Epstein et al. (1997) AIAA, Fernandez-Pello (2002) PROCI, Norton & Vlachos

(2003) CES, Dunn-Rankin et al. (2005) PECS, Chigier & Gemci (2003) AIAA, Ju & Maruta (2011),
Maruta (2011) PROCI, Norton & Vlachos (2012) PECS, Ju, Cadou, Maruta (2015).
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Microscale combustion

1st gen. (2000_) Mirs-Momey Engise 1] em oo

In 2nd gen., novel combustion science is highlighted
extensively in various micro- and mesoscale platforms.

Typical length and rime scales in micro-scale combustion.

8a e

Length scales

Time scales

Combustor scales, d
Combustor structure scale, d,
Flame thickness, iy

Mo Rty Exgune |1 sum bolie

Quenching diameter, dy = niy

Mass diffusion length, op
Thermal diffusion length, o,
Mean free path, 4

Flow residence time, te
Characteristic combustion time, t.
Diffusion time scale of
gas-phase, ty = d*f

Diffusion time scale of solid
phase, te = ds* o

Time scale of heat loss, ty

Time scale of acoustic wave, t;
Ignition time scale, tig

Ju and Maruta (2011) PECS 37.

flame stabilization, heat regeneration, novel catalysis

= utilization, new structures, thermal and chemical flame-
Not only for applications but also various combustion wall interactions, nonlinear flame physics, cool-warm-hot
science studies in microscale platforms are conducted. flame interaction, chemical kinetics, etc.
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Characteristics of microscale combustion

Micro-combustion depends on many physical and chemical processes such as gas-phase and
surface reactions, molecular transport, thermal and mass diffusion, convection, and radiation. The
combustion process for micro-power generation involves many different length and time scales.”)

Non-ideal flames, flame-wall interaction,
“Ideal” ﬂamesx instability, non-linear physics, etc.

Flame quenching, wall thermal effect, wall chemical
effect, Diffusion-controlled phenomena

Selected early literatures on micro- and mesoscale combustion:

4) Dunn-Rankin, D., et al. (2005) "Personal power systems." PECS 31(5-6): 422-465.
5) Miesse, C. M., et al. (2004) "Submillimeter-scale combustion." AIChE J. 50(12): 3206-3214.
6) Maruta, K. (2011) "Micro and mesoscale combustion." PROCI 33(1): 125-150.

1) Fernandez-Pello, A. C. (2002) “Micropower generation using combustion: Issues and approaches." PROCI 29: 883-899.
2) Norton, D. G. and D. G. Vlachos (2003). "Combustion characteristics and flame stability at the microscale." Chem. Eng. Sci. 58(21): 4871-4882.
3) Ronney, P. D. (2003) "Analysis of non-adiabatic heat-recirculating combustors." Combust. Flame 135(4): 421-439.

7)Ju, Y. and K. Maruta (2011) "Microscale combustion: Technology development and fundamental research." PECS 37(6): 669-715.
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Scaling of microscale combustion

Severe heat | Pe, Da
loss effect

Large surface-

to-volume ratio ( ) .
Large wall Bi, Fo,
effect Le

Small length
scale

)

Kn, Da Molecular
diffusion

dominant

No turbulent
transport

Re

~————

Non-dimensional numbers
Length and time scales...

6
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Scaling of microscale combustion

Heat recirculation
Heat loss... f lWaII thickness

‘ ? T Time scales
Channel Residence time
diameter -> Reaction time
Fresh Burned Diffusion time in solid/gas
R mixture gas etc...

Mean free path *){ < \\\ =
Quenching diameter \\Q
etc.... Flame thickness k

Effective radius

Length and time scales: L=(DT)¥2,T=12/D
Non-dimensional numbers: Kn, Pe, Da, Bi, Fo, Le ...




Quenching diameter

Heat loss

Channel -
diameter Fresh Burned dq =2 eﬂNu5f
N 0 mixture gas
_ (Heat loss) _ ¢, (T, *Tu)w(”dz/“)&/ =4Nu§f/d2
(Heat generation) 7dd T, -T,)

* Determined from the ratio of heat T o W= =1
generation and heat loss i e w

+ Analogy with flammability limit /

* What happen if heat loss is insulated, £ '
compensated by heat recirculation / {1/e
or high-temperature wall ...

A%—mc %:—wq“JrL

Microscale combustion

Wall thermal effect and flame dynamics
Wall chemical effect

Microcombustors and microreactors (MFR)
Industrial applications of the concepts




Wall thermal effect <

Thermal stability managements
heat recirculation (excess enthalpy combustion)
U-shape burner, counter current channel
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Combustion

/ volume

jf
1600/ 1400 ) )700 600 500 .

|
‘ ') —— p» Products N‘ 'T:T [
/ - —  Reactants 1 (4
1600 1200 | | 500 400 300K 7
A L S Ronney, 3D Swiss roll
— et (2001).

Weinberg, Ronney, Kim, Kuo & Ronney ....

Ronney et al., Kim et al.,

Channel2

xi Channel 1
i K Fursenko, Minaev, Ju & Choi

n X2

Excess enthalpy combustion 2

IFS TOHOKU 2022

a
Bl |
( ——ows —— ] .« Essential heat transfer W
o e aiane condition for excess enthalpy g -
L™ o S combustion could be gy, 30 Sviss ol
i attained not only in Swiss roll e s,
b geometry but also in radiant _—
emitter and receiver, porous Mierocomoustor (2005)

media, small channel, etc.
* Fundamental studies of EEC

= have been conducted in
e s namemae VArious platforms.

[ tbse correspandiog variation in gas

14 . .
' » Super-adiabatic and super-
Wood, S. and Harris, A.T., Porous . .

Heat recirculation burners for lean-burn applications, Iea ncom bustl on aval I a b I e

Hedt i 4 PECS 34, 667 (2008).
N ‘ i 1&“"“ Takeno, Sato, Combust. Sci. Technol. 20, 73 (1979). Ju, Choi, Combust. Flame 133, 483 (2003).
misture £A% Hanamura, Echigo & Zhdanok, Int. JHMT 36, 3201 (1993). Ronney, P.D., Combust. Flame 135, 421 (2003).

Hoffmann et al., Combust. Flame 111, 32 (1997). Kim, N.I, et al., Combust. Flame 141, 229 (2005).
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Premixed flame in a meso-scale tube
- flame bifurcation ... weak flames

as particle laden flames and microgravity counterflow flames

3
8
5
a
1.0
£
?) 0.8 ~_ o 1 2 3 4 5 6
— T
& 0.6 ~__ a fo=4.0 me
g L ] CHeal, o
S o4 \ ™ D=5 mm o
= 0.4 \ - -
E 1 Q > EJ-I 1 > r/-/ o
T 0.2 0ol — i | &y
A B e
2 0o : : ‘ ; L e
0.00 002 0.04 0.06 008 o | A
Heat loss coefficient, H [ 093

Equivalence raho

Theory Experiment

Ju & Xu, PCI30 (2005), CST178 (2006)

° e o
Excess enthalpy combustion revisited B
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U-shaped channel Opposite flows
K
— Channel 2
LN
—_ —u
X Xp
7 Fursenko et al., CESW37 (2001)
20
S ' .
6 \ ..
g 15 \_2(_—0.002
® = \ * Fastmode
g2 5 5 ~.0.0005 ~
(9] ~ ~
£ 2 1.04-- ~
% S 0.0 « extinction ,,‘,/f
S © .
5 4 £ P
@ K] P
& 5 w05 “"Slow mode
3 1
0.01 0.1 1 0.0 ‘
M (mass fiux) 0.00 002 H, 004 0.06
Effect of Mass flux on WSR temp. Heat loss, H
Effect of Heat loss on Flame speed
Ronney, CNF135 (2003)
Ju & Choi, CNF133 (2003)
Excess enthalpy combustion: Weinberg (1975), Takeno, Echigo, Babkin et al.,
Microcombustion: Kuo & Ronney, Leach & Cadou, Jackson et al, Ju & Xu, Kim et al., Pizza et al., & others.
[ [ ]
Flame bifurcation :




G0

IFS TOHOKU 2022
Kaoru MARUTA

(FREI)
Broadened (?) reaction zone

Repetitive extinction and ignition instability
at intermediate flow velocity

Flame with Repetitive Extinction and Ignition, FREI

Maruta et al., PCI30 (2005)

Richecoeur & Kyritsis, PCI30 (2005)

LIF, Fan, Suzuki, Kasagi, PCI32, 33 (2009, 2010)

IFS TOHOKU 2022

(FREI)

Repetitive extinction and ignition instability
High-speed OH movies show:

15

auto-ignition at high temperature zone -
flame propagation toward upstream ->

extinction - charging fresh mixture = auto-ignition
Repetition with frequency 10-100 Hz

201

Ignition <21>08-10-95 PLAY 00018
\ Roints .\ FWDS 0000 .0300sec
~ \ i \ T —
E 15 \ 1 \ * 1 e e ——————
\ \ \ \
NS et ) o o®
101 Extinction
‘ points ‘ 1-600sec START BOOFPS
0.00 0.02 0.04 0.06
Time (s) Maruta et al,, PCI30 (2005),
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Dynamic flame behaviors, chaotic

04

o 1000 2000

01}

0 5060 4000 0O 500

Temporal fluctuation of maximum reaction rate

Jackson, Buckmaster, et al., PCI31 (2007)

., _

o 1000 2000 O 200

Experimental results
reproduced Chaotic
behavior predicted
by computations and
theories

wix

400 Phase diagram of flame movement

Minaev et al., CTM11 (2007),
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Complex flame dynamics

WA

yimm)

:

(] 3 LT a ) a

o0

el

(a) temporal variation of the integral heat
release rate, and (b) maps of Yon
h =4 mm, Vin = 100, 300 cm/s

Mantzaras et al., CNF155 (2008)

Broken flame appears at
higher velocity

DNS with full hydrogen
chemistry

Mechanism?
Interpretations of DNS is
generally difficult

17
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Spinning flames 23

31.6 T T T
CRNIN s a0y Effective Lewis number which
S14 includes solid phase heat
7 conduction
$1.2 ——m,=500
; - - m =400
2
|53
£1.0 : - .
w20 40 60 80 100
Normalized Diameter, d
e Conventional theory on
o diffusive-thermal instability is
Effective Lewis number . . .
o valid when effective Lewis
exceeds critical value for the .
. . number is introduced
onset of DT instability

[ ] [ ]
8
Spinning flames 13 :
b 10 - Spin Limit
2_ = Quenching Limit
;@ 7] [H Spinning Flame
S Ty
o 54 { o E
[u
T 4 F Pt
Stable Flame © *
T 37 & ]
T o2 . \
14 .
06 08 10 12 14 16 18
Equivalence Ratio
Spinning/non-spinning flame regimes
appear at different flow rates
Xu & Ju, PCI31 (2007)
19
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Spinning flames 3.3

N Spinning flames also
a il WAL predicted by 3D-DNS with
oy T R e A hydrogen full chemistry

1= 2.88 m

=337 ms t =28

=)

¥ (mm)
h f A 2
38Ems t,=3E6ms t,

= I"{W : ;

*’o&;’_'?;;:: 1% 2l 3 075 x(mm) 075
9 i 100 e - 1ean You 00N £

Pizza, Frouzakis, Mantzaras et al., JFM (2010)

H2/air spinning flames in
heated duct

20
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Flame pattern formation

a b

[P C_ﬂ —_ Rich varieties of flame patterns
i Qﬁ?'ﬁ’) observed in radial micro channel

peang Diameter 50 mm, gap 0.5-3.0 mm

Energy Dynamics Lab., Institute of Fluid Science, Tohoku Univ

Kumar et al., PRE, Phys. Fluid, JIMM (2007-2008), Fan et al., CNF, PCl, JMM (2007-2010)

21
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Micro jet flames

Lighter radicals disappeared from the nozzle exit close to the limit, diffusive loss?

d=0.48 mm d=0.2 mm

42101 23 3210123

Radial distance (mm)
Direct photographs and LIPF-OH images of

microscale hydrogen diffusion flames
Cheng, Chao, Nakamura et al., PCI30 (2005)

Extinction mechanism
probably important for
establishing the weakest self-
stabilizing flame

- RN - )

22
Flame streets
Novel cellular-type diffusion-flame instability observed
in 30x5%x0.75mm Y-shaped channel
Scale-up experiment clarifies flame streets in the mixing
Iayer Flow rate, wall temperature, fuel diffusivity...
Fuel
.
500 5C
Fue Air —
Miesse et al., PCI30 (2005)
Xu & Ju PCI32 (2009)
23




IFS TOHOKU 2022
Kaoru MARUTA

Microscale combustion

Wall thermal effect and flame dynamics
Wall chemical effect

Microcombustors and microreactors (MFR)
Wide applications of the concepts

24
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Wall chemical effect

Self-sustained low temperature reaction

Low temperature catalytic reaction based on different surface coverage in lean &
rich mixtures — plastic combustor, etc...

Stoichiometric CH,/air Lowest peak temperature 75 deg. C at Re =1.2
‘ 2000 No T T T
| x combustion ; A+
g
1500 2 o 1
g =
a L] ' Catalytic E
E o il combuysnon ggggw;g
o only
1000 é g I ) ccmbustmn
o — o & 2
= ‘>’" N Bl #° Qut-of-center
H 500 S 1k NH s reaction zone
0 02 04 06 08 1 12 Iﬂ' con diti;ne d (cat. & gas-phase)
Fuel te oxygen ratio catalytic
. combustion No
Lowest self-sustaining temperature only combustion
| d less O(s) effect in fuel-rich 01 ' ' .
ower due to less O(s) effect in fuel-ric 1 0 100 1000
condition Maruta et al, PCI29 (2002) Reynolds Number
Ahn, Ronney et al., PCI30 (2005)

25




Gas-phase & surface reaction interaction

IFS TOHOKU 2022
Kaoru MARUTA

Radical quenching, computational

B oo} -, AN 100um channel with inlet temp 1782K
s L
E osl Radical quenching results in no methane
2w ! conversion
. @ ~__
g 1.0 > w/o radical quenching
g 14 0 &
% 1.0;
g 0.6% 304 |T=1100K | ragsge . —
e 107 10" 10° o 0 e
Axial distance [mm] A Himis
Raimondeau et al., PCI29 (2002) ?}
2 30 T“:SDD'K
5 el
. . w
Effect of channel width & inlet temperature 15 /
Radical quenching plays significant role at % — % 0

smaller channel widths & higher inlet temp.

Experimental studies by Miesse et al, Kim et al.

Channel width, D

Ju & Xu, AIAA (2006)

26
Blow-off limits extended if gas-phase reaction is
considered (CH,/air, ¢ = 0.4)
Surface reaction inhibits gas-phase reaction...
Temperature OH concentration
oeas, Toas .-.fi..
‘m
JW“ '0.0975 Ty 88875 nn‘lam
s i
Ee -G "
oy .M N
Uy (mi) fhr p = 5 by 4008 m— p
CH,/air mixture of ¢ = 0.4 in 4
SN : ~
Karagiannidis, Mantzaras et al., CCTT waonh aaotg osos 8 asers ooy R
PCI31(2007) Axis distance {m) Axial distance {m)
Stoichiometric H,/air mixture in 1 mm channel
Chao et al., Applied Catalysis A 332 (2007)
27
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Radical quenching, :

experiment & computation

. 0.05 a
CH,/air; ¢=1;d=1.5mm, 1 atm o
‘Wall temperature [K|
TI:I] B S04 1000 1100 1200 0.04 I
(ainert wall —0.035
=
-é 0.03 1 _g- Inert wall (computation) /
£0.025 {_a Quench wall (computation)
o
S 0.2 { 4 Experiment
: 6 4 s 2K s £ = /
X [mm] Experimental fammn location 0.015 /
2e-07 1506 -ﬂc 06 ot A/
e e 0010
0.005
Inert: GRI3.0 0 _;:,":‘./4_,_,_\
Quench: GRI 3.0 + Raimondeau 07 08 09 ! 1 12 13
14

* CO mole fraction of burned gas:
Quench case > Inert case
» Experimental results agree with Inert case

-> radical quenching effect negligible

Kizaki, et al., PCI 35 (2015).
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Quantitative measurement of wall chemical effect ~

rism

Test Coated '\:_;_: ot —" Dye-Laser p Black quartz
Quartz Plates \\\. - * Optics | Thermocouple
% 4 - hole
|1'hcrmut‘nup1c| AW Thermocouple HLiumro]Icr i ¢=1mm
— i . ! 1.5 mm
IR ‘| ~ y 5 mm
Heater o = Quartzplate  Coated plate -~
S
Micro-scope - -
pls i (Pore size: 0.7 x 0.7 mm?) * 100 nm-thick thin films on quartz plate
Metal: Sputtering/Arc plasma gun
AL O;: Atomic Layer Deposition

Wall
25 255 2567 Saiki, Fan & Suzuki,
AlOs5 ﬁ Quartz | 017 8US321 Combust. Flame
20f 05 1273K| 2 20H93 1273 K § d (2015).
—_— 14 fo5°
E 151 56 5,0.001 f Sﬂuf 0.1 5@ :
= ] 2
w10 2l Eo.
09 09t QZ Further study:
05 s . Cool flame-wall
I interaction:
00 05 1o 1% o5 I8 1is Wan et al., PROCI

37, 5565 (2019).




Microscale combustion

Wall thermal effect and flame dynamics
Wall chemical effect

Microcombustors and microreactors (MFR)
Industrial applications of the concepts

30

Swiss roll microcombustor as heat sources

Disk-type heaters: D = 64, 46, 26, 20 mm
Surface temperature: 650 - 1250K
Temperature controllability: within 1 K at 1173K

Thermal efficiency as a heater: up to 85%
100W-1kW for various industrial heating, heat source for TE, TPV.....

" ‘ .- — " 1 K
Sl 20 . I
f i
I
4 ) . I
;’--;- i
Y

- rrang Kim et al., CNF 141 (2005)
: Kim et al., PCI 31 (2007)

IHI
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temperature profile (MFR)

Tyl T,.=1330K

T %J

(4}

i Test section
Fuel/Air— - - - - —m
e T e T T ( d=2 mm
g%“ External heat

o

H,/Air

X

Fundamentals of
microcombustion

. . Maruta et al., PCI 30 (2005).
Stationary wall-temperature profile

Tube diameter < conventional quenching diameter
Gas phase temperature dominated by wall temperature profile
Laminar and constant pressure

Possible application of microcombustors 32
i (Proto-type industrial heating furnace)
{ 1HI
Specification
Length 7m
Width 0.9 m
Temperature Max 400°C
Control 3 zone
S|
Bed speed | 0.6m~ 12m/min
70 % reduction of fuel consumption
 Baking and drying food
* Drying for painting
» Thermal treatment of glass panel, polymer film
and material with low melting point
Micro flow reactor with a controlled 3
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Flame behaviors in a meso-scale channel
with a prescribed temperature profile

Normal flame

—_ '

High velocity region

Premixture

Oscillatory flame

Low velocity region

Maruta et al., PCI 30 (2005).
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Three kinds of flame responses

CH,/air (1) Normal flame

120 T T T T T T T T T T 1600
4=10
® Normal flame Flow
100 Hm FRE] ° T * 1400
@ * Estimated points| e et s V=50cm/s
€ goll ofignition - 41200 &
) s — (2) Oscillatory flame
> L7 e * g
8 60 I e ° < 1000 8
2 2T e * g -
= ol -7 . 1800 £
o 5 " e o V=20cm/s
§ 20 _EXtinCtim:' . - 600 S:J (3) Weak flame
= L] = Ignition 2
F /‘\ o ” 400
0 C 1 1 1 1 1 k I) 1 1 1 1
12 10 8 6 4 -2 0 2 4 6 8 10 V=0.2cm/
Location (mm)  Maruta et al., PCI 30 (2005) =J-ecmis

Normal flame, oscillatory flame, weak flame




Theoretical S-shaped response for MFR =
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Flow > Stable

ean fiow valooity jomis)

Stable solution
A

Unstable solution
@ 4 lgnition

Unstable ‘“\\‘\t e

A
I

Tax (M ...)

¢
a a

‘ Stable solution

" . o
J ol
____q_rJ o
Damkshler number, D

Minaev et al,, Combust. Theory Model. (2007) Stable X

Two stable and one unstable solutions were predicted theoretically

Analogy between MFR S-curve and 3
—— conventional Fendell-curve
T
* Normal flame:

° Stable branch @ reheated ixed

v n p premixe

g7 - flame

8 c

£ = Unstable branch 5« Oscillatory flame:

£ e & flames with

£, D repetitive extinction

= Stable branch: weak flame and ignition, FREI

Dy

+ Weak flame: stable
weak flame which
represent ignition

D,: Damkohler number

D - Flow residense time
¢ Chemical time




Three flames are utilized for:

(1) Normal flame
Measurements of laminar burning
velocity of highly preheated mixtures

(2) Oscillatory flame

Investigations of non-linear dynamics of
given fuels

(3) Weak flame . . . .
Investigations of ignition relevant

properties of various fuels, validation
and modifications of kinetics,
particularly at low temperature

IFS TOHOKU 2022

Computation

Temperature difference (K)

Temperature difference (K)

0
! ! L L ' ' ' ' 00 02 04 06 08 10 12 14 16 18 20

00 02 04 06 08 10 12 14 186 Mean flow velocity (oms)

Mean flow velocity (cm/s) Tsuboi et al., PCI32 (2009)

AtV =02cmls, T, = 1225K, T;T,< 2K

Extremely small temperature increase

Flame position close to the ignition point

Lowest flame temperature — ignition temperature?
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Limit mechanism

Flux (g/cm®s)

-5.0x10™

2.0x10°

OH flux by convection & diffusion

1.5x10° |-

1.0x10°

5.0x10"

0.0

T

T

T

L L

OH flux (V =134cm/s)
—m— Diffusion
—o— Convection

-1.0x10°
5.0

L
6.5

55 6.0
Location (cm)
v, =134 cm/s

7.0

75

4.0x107 T T T T T
2.0x107 - s
7 [
00}psoee "
L)
] .
— 2.0x107 | ‘. I 7
Né HY
1 & -40x10” F i 1
2 H
— X -60x107 H 1
i =7
-8.0x107 | Ha 1
R = | OH flux (v, =1.82cmis)
-1.0x10" |- ‘ —m— Diffusion
—e— Convection
-1.2x10° . . .
8.0 4.0 45 5.0 55 6.0 6.5 7.0
Location {cm)
V. =1.82 cm/s

m

40

Mass dissipation at low velocity region significantly larger than that at
higher velocity region
Lower limit of weak flame by diffusive dissipation?

Tsuboi et al., PCI32 (2009)

Triple weak flames, n-heptane

IFS TOHOKU 2022

100 1400
=1 " : -
- L .J-"- 1 1200
= 1000 £
g £
T OO E g
é P s Exlg]ldcd 1 8 E
= e~ |Il]llll1(!ll$ aones =
2 g o e =
~ Pl b 5 1 600
o ———F
< —E]
1 - L L = ET)
-14 2 46
Triple stationary weak flames observed
Weak flame location insensitive to flow velocity Yamamoto etal, PCI 33
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Computation cone-dimensional

One-dimensional reactive flow w/o boundary layer

Gas-phase energy equation

MdT 1d 14
dy cpdy

Reaction scheme:

Conditions:

dar
dx

K K
o2 e 2

- P Y ViCpr—— _Z

=] dx =]

. A 4ANu
Wy Wi |- o az
1]

Heat transfer with the wall

(T, —T)=0

n-heptane, reduced mechanism from LLNL

(159 species, 1540 steps)

Seiser et al., PCI 28 (2000)

Stoichiometric gaseous n-heptane/air mixture

Experimental wall temperature profile was provided as Tw(x)

Flame position:

Peaks of heat-release-rate (HRR) [W/cm?3] profile

CanteraMFR code will be open for public in WiPP in 39th Symp.
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Triple weak flames, n-heptane

CH Mole Fraction

2-03

=19

r 1 5.EHI8
Computational =
A o
J I\\ 4 E+08 .:
f."r | |I Se £
Ny =
— — | |I_> ™~ 3EH8 B
«— | | -,
~ \ 2
s \ e
f— } \ 1 2.E+H08 P
i/ ’ \ S
! \ -
x.-"f S \ | E+08 ‘é
/ ™ S \ £
i/ \__ = \\
—_— — (), E+(N}
4 4.4 4.8 52 3.6
Location [cm]

a7 <
E l\ )m U=3cm/s

Three-stage heat releases

Yamamoto et al., PCI 33
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. 44
Triple weak flames, n-heptane
25 1,300
Computational I [ i [,
=an | ll___-.-/ e
ﬁg'} /_/r/f 1100
z 4'/’ | I' g
PRENS l:_/_,_:’- | 1000 °g
= Va | 000 =
. /,/ | B
3 | 800 E
;g I /,-/ A~ I,'I . 700 =
=i ff’\.\ ; / Nyl I"'\_. 600
0 R il . S 300
4 45 5 55 6
¥ [em]
i
AL\N -
Three-stage heat releases
Yamamoto et al., PCl 33
Computational species profiles 4
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25

20

15

10

Mole fraction [%]

35

U=2.0cm/s |
o

Zﬁ

-’
-’
P4

(ll ,O%X10

4.5 5

X [em]

- 1300
=255 1 1200
27T,
{ 1100
1 1000 ¥
2
1900 3
«
4 800 %
00
| CH, %20 7 z
1 600 Z
{ 500
co 1 400
S 300
55 6

Three peaks of heat release rate

Yamamoto et al., PCI 33




Computational species profiles

46
S u= 2.0 cm/s|; — 1300
Kaoru MARUTA 1 ”’
o, ik i 1200
- i P Tw
20 F i n 1 1100
1 rd —
- h .7 1 1000 ¥
= h i ®
= 15 it 1900 5
£ h g
S it 1800 g
S 10 )’ / 1700 §
é ’/:YI\ L CH, %20 =
// 1 4 <
PG 600 =
S .' < 1 500
- CTH,0 %10 /1 co 1 200
1
35 4 45 5 55 6
First HRR peak X [em]
LTO: CH,0, H,0,, CO, CH, produced
Yamamoto et al., PCI 33
Computational species profiles 4
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Mole fraction [%]

H,0, (+M) = 20H (+M)

25 fu=2.0cmis | i ] 1300
o, //;,H 4 1200
20 F ' R 1 1100
el { 1000 ¥
i @
15 ik 1900 =
1 ]
i i 4800 éé‘_a_
10 r L7 L cu,x20 | % 2
. i 1 600
5 . A 1 500
: {
0 i N 300
3.5 45 5 55 6
| Second HRR peak | x [em]
Partial oxidations: CH,0 + OH = HCO + H,0

HCO +0,= CO +HO, etal, PCI 33




Computational species profiles
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(U=2.0cmls)
Measurement by GC
. 25 —‘—- 0.1
N T 20 T % 4 0.08

o o o
(= = -1
LY |

=
o
=

? /\ oo

300 500 700 900 1100 1300
‘Wall temperature [K]

Volumetric concentration [%]

=
o o
=

<o

Three-stage oxidation process was
confirmed by gas sampling experiment

Mass concentration of CH,O [%]

Yamamoto et al., PCI 33

48
preswp 25 fuU=2.0cmls | o — 1300
Kaoru MARUTA| 1 _-"
0, i: i 1200
L7 W

20 F b 1 1100
1 —
- ik 1 1000 ¥
= i 2
=15 | ir 1900 5
2 it =
g it 1800 g
S 10 | {700 §
E 4 CH % 20 z
/// ! 1600 2

5 -7 i 1 500

- 1
- CH,0 X 10 1 CO |
=S Q G b
0 ' = 300
35 4 45 5 5.5 6
[ Third HRR peak | x [em]
Full oxidations: CO+0OH=CO,+H
Yamamoto et al., PCl 33
Measurements and computations 4
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Interpretation of triple weak flames

(O]

8 Hot flame
Ignition in %
RCMand ST 2
(transient) = Cool flame

3

I

time
Cool flame Separated hot flames

n-heptane/air

¢=1

5 E1mm

700 800 900 1000 1100 1200
Wall temperature (experiment) [K]

Conventional two-stage ignition converted into steady,
three-stage, spatially-separated weak flames in MFR

IFS TOHOKU 2022

MFR applied for gasoline PRF

n-heptane + iso-octane (PRF)

Flow direction sp
PRFO0
PRF20
PRF50
PRF100
=1
U, =2cm]s 700 800 900 1000 1100 1200

‘Wall temperature (experiment) [K]

Appearances of multiple weak flames
represent Research Octane Number

Hori, et al., CNF 2012
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Weak flames at different RON 52

ToHoKy
IFS TOHOKU 2022
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=1.2 cm/sec ;
v / Computation
2.5F-02 1408
—FRFil
—PRF20 L1300
oo —FPRF30 s 1
=S | —prF100 1200
====Wall temperature:
LHon
o= £
T L3R =
s 1o 2
= B
é o Z
o LOE-02 | =
B 3
& KO0 ;
__-/‘:.
SOF-03 | s
Gl
1.OE-10 - SO0
4 45 5 5.5 6

Location|cm]

Significant LTO in smaller RON
Weak flame behaviors reproduced

Hori, et al., CNF 2012

Weak flame appearances
‘;z;fg;uuggv fOI’ various RON
L RON
methane | G B 120
toluene NN 120
propane [ 112
ethane 108
iso-octane, PRF 100 | i h 100
n-butane NN %4
PRF 50 7 50
PRF 20 20
n-heptane, PRF o I EEEEEEENN "N 0
e 80(\"Vallmt]comlllgtr'aomrll(‘:egpcrimcntl)zlti‘(]] P = 1 atm
Data from:
Weak flame locations: monotonic function of RON Horiet al, CNF 159, 2012.
Second weak flame: visible when RON < 100 Kamada et al, CNF 161, 2014.
First weak flame: visible when RON < 20 15t flame chemistry WS, 2012
Grajetzki et al., Fuel 245, 2019.




PRFs, ultra lean, higher resolution 54
iyt Wall temperature / K
600 700 800 900 1000 1100
TRFS0D 4 L =
PRF100 -
PRFOD 4 4 e = -
=100 =
PRFBD - & @ ] a=075 =
= 0.50 =
DIDSO mlaa o Iml?(} o 080
lame 15 cm Wall temperature [ K
g :I,f \-. |
". Trmax = 1300 K
. Grajetzki, et al., 36 Symp, WIPP. 2016.
Vertical-type reactor Grajetzki, et al., COMODIA, 2017.
Alternative fuel index based on CH20 among 55
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00

cool, warm(blue) and hot weak flames

950 1000 1050 1100 1150
Wil temperaturs | K

iso-Octane

604 CCR=643*FAI+252
R =0.985

iso-Pentane

=
i
L

&
=
L

3.5 1 n-Pentane
x

¥ n-Heptane

T

0.0 0.1 0.2 03 0.4 0.5 0.6
Formaldehyde Index / -

Vertical high resolution MFR + trade-off
between cool and blue flames
=> General ignition property

Grajetzki et al., CST 190, 1950 (2018).

Grajetzki et al., Fuel 245, 429 (2019).
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Soot and PAH formations at 56
temperature below 1400 K

+ CHy(+M)

Wall Temperature (K)
600 IUl[][J | 1300 1330 1300

7

Flame and Aromatic Rmnl] Aromatics  Large PAHs and Soot
Precursor Formation Formation Formation

CH,CHO

+HM)

Dubey et al., CNF 174, 2017.
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Soot and PAH formations at 57
temperature below 1400 K

Wall Temperature (K)
600 1000 1300 1330 130|0

e Ethane, ¢ = 2|

Flame and Aromatic Smal] Aromatics Large PAHs and Soot

Precursor Formation Formation Formation
Wall Terperature (K \ Wall Temp erature (K) \
all Tempermre (K)
500 1000 13001330 1300 £00 10|00 1300%330 L300 @0 100 LN 1300

10B-02

10E03 pme (PR
Ziopas —Floomntens
# 1.0E05
&
i 10E06 —Bemag)perilene

1L0EQ7

L0E08 .

4 6 7 8 98 10 T 63 & o &5 67 8§ 9 1w
Ditimce femp Distance (cm) Diviance fam)

Dubey et al., CNF 174, 2017.
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CH,, ultra lean and Xe dilution 58

Fuel: CH,; O,/Inert = 0.141; ¢= 0.3

Flow direction ==——

1000 1050 1100 1150

2

© ]

2 s 200

v

>, 2 100

;-_J o

S > 500 1000
Prxels [-]

CH,/0,

1050 1100 1120

Conducted for analyzing
microgravity experiments
on interaction between
flameball and
counterflow flames

Okuno et al., PCI 36.

Fluarnsthiss

Fusropropeus

Hydimeatban

RIZ5 (CHFD

a o° it
"
o

RAZHCHOFCE,) Rz (E) (CHFCHCE,)

.15.)"';

Reactivity of weakly flammable hydrofluorocarbon 59
refrigerants, R32(CH2F2), R125(C2HF5), R410A(R32+R125), R1234yf(C3H2F4)

R34 (CHE

“ Computation | 4
2_o
2 g
2

R290 (G}

o 7
v e 25 310 35 40 45 54
4 Location [cm)]

Wall temperature [K]
& 1000 1100 1300

HRR [ fem s|

4.3 50 53

Lacation [cm]

F/H = 1.8 (CO oxidation limit)

40 T4 Cracrzr :
agid * Fluorinated methanes
= 30 E—CHQF + Fluorinated ethanes
E 1 * cuacur A Fluorinated propenes
* GHE:CFCHF2 = Mixed

< 1 CH2=CHCF3

No self-sustaining combustion

F/H ratio in refrigerant [- ]

Takahashi, S., et al. (2021) PROCI 38: 2487.
Takahashi, S., Thesis, 2022.
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LIF for CH20 and OH applied 60

Cylindr.ical concave lens Cylindrical convex lens
(f=-40 mm) (f=200 mm)

o

Pin hole

(92)

|
Apathfor |
CH,O-LIF <4==sf*
.

Mirror

Shimizu et al., Energ. & Fuels 31, 2017.
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LIF of CH20 & OH and Chemiluminescence o
methane/air

=

—CH2O-LIF 1
-
Chemiluminescence (I-a)

OH-LIF L
™
j: [ e TR
P i Lo PN |

Arbitrary level
-

0 - - .
90 1000 1100 12001250 1300 Tw/ K
500 700 900 1100 12001250 1300,k
6.0E-02 — i } } {1 } } . 4 4 .
Flow direction (I-b)
< 4.5E-02 4 NUIG CH/DME 2014
z
F 10B-02
= GRI3.0
| = ~
= | 35E-02 /_‘/L
900 1000 110012001250 1300 0,05:+8¢
2.0E-03 1
—OH
(I-c) S =020 o
N @ o CH 1004
1.5E-03 ’ & ] "
' b s NUIG
E Lorao3 J \
= ] v \ i
S.0E-04 i i L
"' ‘4' % Il‘ ..
00E+00 S f —hr— =
35 4 4.5 s 5.5 6 6.5 7
x fem

Shimizu et al., Energ. & Fuels 31, 2017.




FREI of n-heptane/air mixture
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Kaoru NARUTA nCyHae/air, u=15 cm/s, ¢=1.0, p=1 atm, Twmax=1350 K, Lu-mech
1400
1200
< 1000
800
600
400
40 45 50 55 6.0 65 7.0
x (cm)

Heat release rate iO - 5x108 J/m3-si imin - maxi min I max

Heat release rate (0 - 108 J/m®-s)

CH20 mass fraction (0 - 0.007) min [ I max

Akita et al., PROCI 38.

Time history of HRR peaks
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o MARUTA nCyH1e/air, u=15 cm/s, ¢=1.0, p=1 atm, Twmax=1350 K, Lu-mech
Wall temgerature (K)
444 578 773 84 1150 1251 1304
= 1010
Y
£
< 108
e
()
@ 106
£ 10 P o5
(]
= P3
©
L o104
P2
10?2
4.0 4.5 5.0 5.5 6.0 6.5 7.0
X (cm)
Extract five HRR peaks P1 to P5 Akita et al., PROCI 38.
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Microscale combustion
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Wall thermal effect and flame dynamics
Wall chemical effect

Microcombustors and microreactors (MFR)
Industrial applications of the concepts

Excess enthalpy combustion revisited again! 65
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Heat recirculation
Heat loss...

Fresh Burned w
midure B l gas @& a

Ronney, 3D Swiss roll

(2001).

(a) i) i} o

Microcombustor (2005).

HiCOT, HITAC, Mt
MILD combustion gkl

erg (1972). fe i.‘l 5 K. aml 1) 1223 K.

Fujimori et al., PCl 27, 1998

Fundamental concept of excess enthalpy combustion that attained in various microcombustion
platforms could be also applied to wider applications, such as industrial furnace.
Super-adiabatic combustion and super-lean combustion are available and of use for better
thermal efficiency.




High temperature air combustion technology
—— (Concept and technical merits)
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(%) Diluted air temperature and combustion mode
E New combustion A .
. 2 gk regime ' Tair > 800 °C
Tair < 600 °C g High Temp >
— o combustion F
g : ) o3
o ™ +t =) Unstable F =
F _l__ <« ‘© ‘ Conventional ’ combustion :
8 combustion regime .
a £ ~— g_ p——
IS a : | o
5 8 K L - 2
Distance Oxygen concentration (%) Distance
Conventional ‘ HiCOT
combustion CO, reduction up to 30%

Extremely low NO,
emissions No combustion
noise Downsizing

Summary of part 3

IFS TOHOKU 2022

The scope of microcombustion research has expanded
from power generation (first generation) to combustion
science (second generation).

After touching the scaling analysis, wall thermal effects,
including excess enthalpy combustion, flame bifurcation,
instability, and pattern formation, were introduced.

For the wall chemical effects, radical quenching and its
quantification were introduced.

Finally, microcombustors and microreactors (MFR) were
introduced. Applications of MFR to kinetics study, fuel
indexing,  weakly-flammable  mixtures and recent
computations on FREI with cool flame were presented.
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End of Part 3
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