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13a: Flam

Outline USC Viterbi

School of Engineering

» Review of conservation equations
» Premixed flame structure & propagation rate
» Nonpremixed flames

» Flat unstretched flames

» Stretched flames

» Liquid fuel droplet combustion
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Conservation eqns. - energy & species USCViterbi_

School of Engincering

» Combined effects of unsteadiness, convection, heat conduction or
mass diffusion and sources/sinks

p| 2 (a-90)|-9-(497)- ~",p[%f+(u w)} 9(pDVY)= M

» Special case: 1D, steady (d/ot = 0), constant Cp (thus dh/dx =
CpdT/dx) & constant k:

ATk d°T _¢" dY, d*Y,

Yo C ar ¢, M a P

» Note if pD = k/Cp and there is only a single reactant with heating
value Qg, then q”’ = -QgM;®»; and the equations for T and Y, are
exactly the same!

> Note also for 1D, pu = m/A = constant

» k/pCpD is dimensionless, called the Lewis number (Le) —
generally for gases D = k/pCp = v, where k/pCp = o = thermal
diffusivity, v = kinematic viscosity (“viscous diffusivity”)

» p~PIT, k~POT07 Cp ~ TOPY, so all 3 types of diffusivity ~ P-1T'7
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= Ml.a)l.

Conservation eqgns. - energy & species USCVlterbl

» Combine energy and species equations, non-dimensionalize
Y, (. - ey Ma, [dY, oo o Ma,
[§+(M~VK)]—DV-(VY[)=— [—+(u VY)]——V (Vr)=

p ot Le Y
[£+(mr)]_ k %-(%T)=q'"'=—MLf(~)R; LetTet-T _T-T 3 %
ot oC, oC, Y,.0./C, TT,-T. Y,
aT (. - e Mo, [0Y oo - oo\ M,
:>[at+(" VT)|-aV-(VT)= pT“: [ar (a-v7) —%V-(VY)= pYa:
Add species & energy equations for Le = 1: 8(7;:-Y)+(u V(T+Y)) -av- (V(f ?)):0

» ForLe =1, T+Y_1 is constant, i.e., doesn'’t vary with reaction
> Unburned gas: T=0,Y =1; burned gas: T=1,Y =0
> If Le is not exactly 1, small deviations in Le (thus T) will have large
impact on o due to high activation energy
» Energy equation may have heat loss in q”” term, not present in
species conservation equation, which would break the symmetry of

the equations even for Le = 1
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Schematic of deflagration (from Lecture 19JSCVit€fbi

School of Engincering

Reaction zone

2000K = Direction of propagation
Product " Speed relative to unburned gas =S

concentration Temperature

Reactant
concentration

300K

- -
Distance from reaction zone

A

Convection-diffusion zone

| d=~0o/S =0.3-6mm

» Temperature increases in convection-diffusion zone or preheat
zone ahead of reaction zone, even though no heat release occurs
there, due to balance between convection & diffusion

» Temperature constant downstream (if adiabatic)

»Reactant concentration decreases in convection-diffusion zone,
even though no chemical reaction occurs there, for the same
reason
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Convection-diffusion zones USCViterbi

School of Engi

» Outside of a thin reaction zone defined to be at x =0

—————=0;pu= % = constant; 2nd order O.D.E

Boundary conditions upstream of reaction zone: x =0,7 =7, ;;x >, =T,
-k k

puC,  p.S,Cp

=T(x)=T,+(T,-T.)e "=

Boundary conditions downstream of reaction zone: x=0,7 =7, ;x — -, T =T,
=T(x)=T,, = constant

» Temperature profile is exponential in this convection-diffusion zone
(x =2 0); constant downstream (x < 0)

» u=-§ (S.>0)at x =+ (flow from right to left in figure on previous
page); in premixed flames, S, is called the burning velocity

» & has units of length: flame thickness in premixed flames

» Within reaction zone — temperature does not increase despite heat
release — temperature acts to change slope of temperature profile,
not temperature itself
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Reaction-diffusion zones USCViterbi

School of Engincering

» In limit of infinitely thin reaction zone, T does not change but dT/dx
does; integrating across reaction zone

f fq dx = T()+_ ]
0- 0—

P

opC

dr| _dT q' q”'Adx Lg"dV
B el 4 dx= =
(dx - )f LA fod
_ (4| _dr| )__mQ, =_prLAC,,( T,-T.)_ (T,-T.)
dx |, dx —o_ kA kA o

» Note that this can also be seen from temperature profile:
T(x)=T, +(T,,~T,)e ™" (xao)}:(d_T dr )_ (T,-T.)
T(x)=T,, =constant (x=<0) dx dx |, I}

» Thus, change in slope of temperature profile is a measure of the
total amount of reaction — but only when the reaction zone is thin

enough that convection term can be neglected compared to
diffusion term

x=0+
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Deflagrations - burning velocity USCVlterbl

» Recall P, = P, for deflagations — but if P, = P1, what moves the gas?
Mass conservation, 1D: m/ A= pu, p2 55 =SL

Momentum conservation, 1D: P+pu’=P,+p,u;

Ideal gas: B, =pRT;P,=p,RT,

Combine; estimate using typical values for stoich. hydrocarbon-air:

2
PP 2 T 04m/s
ZPI ;T(1 ?2]= (J ) (I—ZZOOK)=—1.18><10‘5
287~ |(298K)
kgK

YVV VY

1 1

» Thus, the dynamic pressure change across the deflagration P, — P is
very small compared to the thermodynamic pressure P,
» How fast will the flame propagate? Simplest estimate based on the
hypothesis that
Rate of heat conducted from hot gas to cold gas (i) =
Rate at which enthalpy is convected through flame front (ii) =
Rate at which thermal enthalpy is produced by chemical reaction (iii)
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Deflagrations - burning velocity USCViterbi

School of Engincering

» Estimate of i
Conduction heat transfer rate = -kA(AT/3)
k = gas thermal conductivity, A = cross-sectional area of flame
AT = temperature rise across front = Tproducts - Treactants
d = thickness of front (unknown at this point)
» Estimate of i
Enthalpy flux through front = (mass flux) x C, x AT
Mass flux = puA (p = density of reactants = p«, u = velocity = S;)
Enthalpy flux = p-CpSLAAT
» Estimate of iii
Heat generated by reaction = Qr x (d[fuel]/dt) x Mse X Volume
Volume = Ad
Qr = CpAT/
_ Fuel mass  (Mass fuel / volume)

" Total mass (Mass total / volume)

_ (Moles fuel / volume)(mass fuel / moles fuel) [F1. M,

(Mass total / volume) 0.

[F]-~ = fuel concentration in the cold reactants
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Deflagrations - burning velocity USCViterbi

School of Engineering

» Combine (i) and (ii)
> 8 =klpC,S. = a/S (3 = flame thickness) (same as Lecture 7)
> Recall a = k/pC,, = thermal diffusivity (units length?/time)
> For air at 300K & 1 atm, o = 0.2 cm?/s
» For gases a = v (v = kinematic viscosity)
> For gases a ~ P-'T'7 since k ~ P9T7, p ~ P'T-1, C, ~ POTO
» For typical stoichiometric hydrocarbon-air flame, S, = 40 cm/s, thus &
= o/S_ = 0.005 cm (!) (Actually when properties are temperature-
averaged, 6 = 4a/S; = 0.02 cm - still small!)
» Combine (ii) and (iii)
S, = (aw)'?
o = overall reaction rate = (d[fuel]/dt)/[fuel].. (units 1/s)
> With S| =40 cm/s, a.= 0.2 cm?/s, o = 1600 s’
» 1/o = characteristic reaction time = 625 microseconds
» Heat release rate per unit volume = (enthalpy flux) / (volume)
= (pCpSLAAT)/(AS) = pC,SI/K)(KAT)/S = (KAT)/32
= (0.07 W/mK)(1900K)/(0.0002 m)2 = 3 x 109 W/m3 I!!
» Moral: flames are thin, fast and generate a lot of heat!
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Deflagrations - burning velocity USCViterbi

School of Engincering

» How does S, vary with pressure?

% =—k,[A]"[B]" ~P""P"*~P"*"*~P" (for example A = fuel, B = oxidant)
; _

wNLd[A] ~ P—an ~ Pn—l

[A], dt
Thus SL ~ {OL(D}NZ ~ {P-‘l Pn-1}1/2 ~ P0-2)i2

» For typical n = 2, S_ independent of pressure

> For “real” hydrocarbons, working backwards from experimental
results, typically (e.g. stoichiometric CH,-air) S, ~ P04, thus n =
1.2

» This suggests more reactions are one-body than two-body, but as
discussed in the previous lecture, actually the observed n is due
to competition between two-body H + O, branching vs. 3-body H +

O, + M which decelerates reaction
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Deflagrations - temperature effect USCViterbi

School of Engineering

» Since Zeldovich number () >> 1
gLy 00| __E
a')(]:zd) Z T=T,, ERTad
For typical hydrocarbon-air flames, E = 40 kcal/mole
R = 1.987 cal/mole, T; = 2200K if adiabatic
= B=10,atTcloseto Ty, » ~ TO 1!

= Thin reaction zone concentrated near highest temp.

. In Zeldovich (or any) estimate of S|, overall reaction rate ® must
be evaluated at T4, not T.,

= How can we estimate E? If reaction rate depends more on E
than concentrations [ ], S| ~ (aw)"2 ~ {exp(-E/RT)}"2 ~
exp(—E/2RT) - Plot of In(S,) vs. 1/T,4 has slope of -E/2R

> If B isn’ t large, then o(T..) = o(T,y) and reaction occurs even
in the cold gases, so no control over flame is possible!

» Since S ~ w2, S| ~ (TF)2 ~ T5 typically (that doesn’t mean in
every single case, just typically!)
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Deflagrations — burning velocities USCViterbi

Law (2006)

Vagelopoulos et al. (1994)

Vagelopous & Egolfopoulos (1998)

exp. present

Dyakov et al. (2001)
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limit metric limit Equivalence Ratio
Schematic of flame temperatures Real data on S, (CH,-air, 1 atm)

and laminar burning velocities
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Deflagrations - summary USCViterbi
» These relations show the effect of T,4 (depends on fuel &
stoichiometry), o (depends on diluent gas (usually N,) & P), ®
(depends on fuel, T, P) and pressure (engine condition) on
laminar burning rates
» Re-emphasize: these estimates are based on an overall
reaction rate; real flames have 1000s of individual reactions
between 100s of species - but we can work backwards from
experiments or detailed calculations to get these estimates for
the overall reaction rate parameters
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“Non-premixed ” or “diffusion” flames USCViterbi

School of Engincering

» Inherently safer — no mixing of fuel and oxidant except at time and
place combustion is desired

» Slower than premixed — need to mix AND burn, not just burn

> Simplest approach to determining properties: “mixed is burned” -
chemical reaction rates faster than mixing rates

» No inherent propagation rate (unlike premixed flames where S, ~
(aw)!72)

» No inherent thickness & (unlike premixed flames where thickness
~ a/S,); in nonpremixed flames, determined by equating diffusion
time scale 6%/a to a characteristic flow time scale 1 = & ~ (at)'?
where t = d/u for a jet, where d = diameter, u = velocity, L,/u’ for
turbulent flow, 1/ for a counterflow etc.)

» Burning must occur near stoichiometric contour where reactant
fluxes are in stoichiometric proportions (otherwise surplus of one
reactant)

» Burning still must occur near highest T since o ~ exp(-E/RT) is
very sensitive to temperature (like premixed flames)
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Nonpremixed flame structure USCViterbi

School of Engineering

A/ Reaction zone

2000K
Oxygen T t Fuel
concentration emperature concentration
3D<\

—~— —
- .
Distance from
» reaction zone

Convection-diffusion zone

5~ (at)"?
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1D planar steady nonpremixed flame USCVlterbl
» Simplest non-premixed flame structure, highly contrived

» 1D flame, convection from left to right, unknowns T, x;

» pu = const. (mass conservation); assume pD & k/Cp = const.

Flame tempgrature T=T;

Temperature (T)

Oxidizer (O)

Fuel boundary x =0 Reaction zone x = x¢ Oxidizer boundary x = L
2 2
Fuel side: ud—T—Ld_Y; =0; udﬁ—DF d Y2F -0
pCP dx dx dx
2 2
Oxidizer side: ud—T—Ld_f =0; u_de -D, d Y;x -0
dx  pC, dx dx dx
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1D planar steady nonpremixed flame ~ USCViterbi

> Fuel, oxidizer mass fractions

2
u Cg: -D, a;;; =0; boundary conditions ¥, =Y, , atx=0, ¥, =0 atx=x,
2
u ay, _ D, d—Y;’“ =0; boundary conditions ¥, =Y, , atx=L, Y, =0atx=x,
dx dx ‘ | :
(w/Dp)(x-x/) (D, )(x-x)
1-e I-e

=Y, =Y, RIS Y, =Y., )

. . . u. (04 (02
Define non-dimensional parameters: Pe =—,Le, =—,Le, =—,X =
o ch DF
PeLep(-3%) PeLe,,(¥-%;)
Y, 1-e Y., l-e
= = Pelers, = PeLe,(1-37)
- Ff eLep (1=
Yy l-e Y. 1l-e !

> Note that for Pe = 0, ePe = 1 + Pe, thus Y profiles become linear

l-’eLem()'c—}j ) ¥ )z

YF ]_ePeLer(f‘}/) 1—(1+P6L6F(i—if)) l i . L: ]_e = S

=|—-—

Y,, 1- o T T (1 ~PeLe, ¥, ) Y., 1- ePeLem(I—fc}) - %,

» ... but how to determine flame location x;?

AME 513b - Spring 2020 - Lecture 3 - Nonpremixed flames




1D planar steady nonpremixed flame USCVlterbl

» For reaction vgFuel + v,,Ox = products, flame location is where ratio of
fuel to oxidizer mass fluxes due to diffusion is stoichiometric ratio =
veME/vo Moy (but opposite directions, hence - sign) at x = xs:

dy, v.M day
D F - # D ox
p g dx X=Xy VoxMox p ” dx X=Xrs
—(u/Dg)x —(u/D,, )x

- DFYF,Oe ( s L (u/Dp )x; - _ VFMF Dt)xY()x,Le ( P Le("/D{N)Xf

1- e_(u/DF K DF VuxMox 1- e(”/Dm)(L*X_/) DUX

MY v.MY,
= ‘(1u/D Yo Ve oo /[1) ) recall § =~ et
1 —e FIRr VoxMaxYF,O 1- e(” ":)( _Xj) VFMFYax,L

= S(l _ e(u/D,)A )(L—Xf)) _ _(1 _ e—(u/DF)xf )

- S(l B e(uL/a)(a/Dm )(1-xf/L)) _ _(1 B e-(uL/axa/DF)(x,/L)) - S(l : ePeum(l-i, )) _ _(1 _ e—PeLé’F)?f )

1 _ e—PeLeF)'cf

PeLe,(1-% —PeLey
:>S€ee(/\f)+€ EFW=S+1OI'S=—T(1X.)
ox\1=%¢

1-e
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1D planar steady nonpremixed flame ~ USCViterbi

» Expression for flame position (x;) not solvable in closed form but we can

look at special cases (next page)
» X; depends on the stoichiometric parameter (S), Lewis numbers of fuel and
oxidant, and the strength of convection relative to diffusion as quantified by

the Peclet number:

Diffusion time scale L*/«a _uL — Pe

Convection time scale L/u «

» S is the ratio of mass of oxidizer stream to mass of fuel stream needed to
make a stoichiometric mixture of the two

» Also often reported in non-premixed flame studies is the stoichiometric
mixture fraction Zg = 1/(1+S) = mass fraction of fuel stream in a
stoichiometric mixture of fuel and oxidant streams
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1D planar steady nonpremixed flame USCVlterbl

» Special case #1: weak convection (Pe > 0, exp(Pe) = 1 + Pe,
throw out terms of order Pe2)

S nli=5) | Pt _ gL oy S(1+PeLe,, (1-%,))+1-PeLe, %, ~S+1

-1 -1
‘ M, Y, Le,
SPeLeOX(l—fcf)zPeLeF)?f:>5cfz(1+ Ley ) :>xf=L(1+MLLLi)

SLe v,.M, Y., Le,

» Special case 2: Ler = Le,, = 1

SePe(l—if) o T = S+1:>(Sepg+1)e—Peif =S+1

= P€:>)Ef=—ln
1+ Se Pe 1+S

» Special case 3: Pe > =

Se" el g P _ g 4] = X, =1- ! ln(l S S)
Pele,, S

rs, 148 1 1+SePE]
o
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1D planar steady nonpremixed flame ~ USCViterbi
» Energy equation:
2
Fuel side: ud—T—Ld—f=0; BCs:T=T,,atx=0,T=T; at x=x;
dx pC, dx '
2
Oxidizer side: ui—T—%i—f =0;BCs: T=T, atx=L,T=T, at x=x,
x  pC, dx
> Solutions (uia) pe s
. ) 1 _ Uu X 1 _ e e X
Fuel side: T(x)=T,, +(T/. _TF,O)W =T, +(T/ _Tr‘,o)l_ Pe,
(u/a)(x—x/ ) Pe(}—}/ )
. . l1-e l-e
Onidizer sides T =T, ~(T, T, ) =g =T, = (1= 1, =05y
l-e ! —-e "/

» Note again that as Pe > 0, T profiles become linear

1_ ePF X

Fuel side: 7(%)=T,,+(7, _TM)1 =T+ (T, —Tp,o)ii
s

Oxidizer side: 7(¥)=T, —(7} _ Tﬂ)ﬂ -7, _(T/ 7 ))?—)Ef

o B ePe(l—; /) ox,L
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1D planar steady nonpremixed flame USCVlterbl

» Matching: heat release = (fuel flux to reaction zone) x (fuel
heating value) = conductive heat flux away from reaction zone on

both sides

dy, dT dT
_0 pp )
QuPDs dx | dx| dx|
X=X, x=x x=x,,
—(u/DF)x _ _ —(u/a)x
QRpDFYF,()e / Le(uX/DF) __ k(Tf TF,O)le(u/a)x, _ k(Tf Tux,L)e ! 1 (u/a)x,
1— e—(u/Dl.)x/ DF 1— e(u/a)x, o 1- e(u/a)(L—x,) o
pQRYF,O :pCP(T/'_TF,O)_pCP(T/‘_TaX,L)

1= o Pek 1— e—(u/at)x ; - e(u/a)(L—x /)
N QRYF,O/CP _ Tf' _TF,O _ T; _]:IX,L

1— e—(uL/ll)(ll/DF)(xf/L) 1— e—(uL/(Z)(X/ /L) 1— e(uL/a)e(—uL/a)(x//L)

= QRYF,O/CP _ Tf'_TF,O _ Tf _TZJX,L
l_efPeLeF}, 1_67}’@ % 1_ epgefPe X,
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1D planar steady nonpremixed flame ~ USCViterbi
» Can solve explicitly for T; if you're desperate
QRYF,O/CP _ Tf_TF,O _ T/ -1, _ T/‘ _ Tio _ T/’ Tt
l_e—[’eLeFi/ 1_ —Pe}/ l_epee—[’e fc/ 1_e—l‘e ,E/ l_e—Pe i/ l_epge—Pe ,E/ l_epee—l’e X,
/
QR YF 0 CP TF 0 _ Tax,L
T _ l_e—PeLeF.v, l_e—Pex, l_ePe(l—x/)
A 1 B 1
l—e v l_el‘e(l—fc/)
1 F0 _ T;x,L
Orf _ l_efl’eLeFx/ l_efPex/ l_ePe(l—x/) ,fE C["T
s 1 1 Y, .0,

e T

» ... looks wrong because T; doesn’t seem to depend on Le,,, but
recall x; depends on Le,,! (Asymmetry in the above formula
occurs because Qg is the heating value per mass of FUEL not O,)
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USC Viterbi

1D planar steady nonpremixed flame
» Special case 1: Pe > 0
QRYF,O /CP _ T/ - TF,o _ T/‘ - Tox,L QRYF,D/CP _ Tf B TF,o _ T/ - Tva

- " e 1—e"fe”’”/:1—(1—PeLeF)zf)_1—(1—Peif) 1—(1+Pe)(1(;Pe)?f)

T R AN
f

PeLeF)?f Pe )Ef Pe(—] + 5% ) C,Le,
Le S Le

-1
Y,
Recall that as Pe— 0,%, ~| 1+ ——— ﬁh=(T T, )+(1,-T,,,)
/ SLe, C,Le, ‘/ ™ It Le

I

% _ Le, (Tf' B TF,O) + Le,, (T/ B T"'“L) VMo
c. Y, Yo VM,

P FO

Y
orT :7@; Oty o +7SLe’“ T,
4 SLe +Le,\ C,Le, : SLe +Le, *

» Dependence on Pe disappears (as expected)
» Behavior same on fuel and oxidant side except for stoichiometric

scaling factor vo,Mo,/VEME (also expected)

» Decreasing Le has same effect as increasing reactant concentration (!)
— completely unlike premixed flame where planar steady adiabatic
flame temperature is independent of Le
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1D planar steady nonpremixed flame ~ USCViterbi

» Special case #2: Ler = Le,, = 1 (Pe not necessarily << 1)
0,%,,/C, LT L=l ey 148

—Peif

—Pe ¥ —Pe i, P
e X, 1—6Pe€ e X, 1+ Se’™

l1-e _l—e

1+S
r l1—e
1+Se™
Pe_ _
:%:(Tf _TF*O)_(Tf_JLx,L)1+1;ie_ e,,el_ gepe =(1,-1.,)+(1,-T,,)s
I -1, T,-T,,v,M, C,

+ = or Tf =
YF,O Yox,L VF MF 1 + S

— Pex r

P

(TF’0 +ST )

ox,L

R

N
CP

» When Ler = Le,, = 1, convection (contained in Pe = uL/a) does
not affect T; at all!
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1D planar steady nonpremixed flame ~ USCViterbi

> Super special case 2a: Leg = Le,, =1 AND T =Ty, = Te:
L T DT v My Yo Qo
C, Y., Y viM, 1+SC,
To interpret the Y ¢/(1+S) term, consider stoichiometric mixture of fuel
and oxidizer streams:
Y, , kg fuel, 1 kg total mixture from fuel side

mass of oxidant v, M L
=Y, ,——2 kg oxidizer

mass of fuel )smmhwmclm VMg

Need mass of oxidant = Ym(

VIIYMUK
L mass of oxidant O y.M L
Total mass of oxidizer stream needed = = F—I kg of oxidizer stream
ox,L ox,L
. . . mass of fuel Y, Y, Y,
Mass fraction of fuel in this total mixture = f = orfuel £9 = £ =_£0
total mass v, YaMu 1+ Yio VoM, 1+S
Fo
1+ Vl"Ml" Ytu_[_ VFMF
Yor

=T,=f %+ T., - adiabatic flame temperature of stoichiometric mixture of fuel stream + oxidant stream

P

i.e. forLegp = Leox =1 and Tgg = Tk = Tw, the flame temperature is the
same as a stoiciometric adiabatic PREMIXED flame, regardless of Pe
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1D planar steady nonpremixed flame ~ USCViterbi

» Special case 3: Pe > «

QRYF,O/CP _ Tf_TF,O _ Tf_Tox,L :>QRYF,0/CP _Tf_TF,O_ Tf_Tox,L
—Pele,i, —Pe ¥ pe —Pe¥ _ - _ Pe(1-5 )
I-e ol-e Y 1-ee 1-0 1-0 I-e /
1/Le,
1 1 1 "
RecallasPeﬁoo:l—ifz In 1+ =>Pe(l—i ):ln 1*5
Pele, S s S
Y T.-T.
:QR £ :(Tf—TFO)— [ _oxt = T, is independent of Le,,
of

C

» ((1+5) /S)l/ o
» As Pe (convection effects) increase, effects of Ler & Le,, on
flame temperatures decrease — for Pe - « (flame pushed near

oxidizer boundary), Ler has no effect on T;
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1D planar steady nonpremixed flame USCVlterbl

» Note that for nonpremixed flames, the ambient mass fractions of
both fuel and O, (Yg, and Y, in this case) affect T; because
you're going to make a stoichiometric of the two, whereas for
premixed flames only the mass fraction of the deficient reactant
affects T; significantly since the reactants are already mixed

» This is true of all nonpremixed flames, not just 1D planar steady

ones
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1D planar steady nonpremixed flame ~ USCViterbi

» Much of our understanding of nonpremixed flames is
contaminated by the facts that
» Legy (Osin air) =1
» We live in a concentrated fuel / diluted oxidizer world (S >> 1); recall
that for Le,, = 1, at high Pe, T is unaffected by Pe or Leg
» Consider low Pe: for CH,/air
v.M, Y., (232 1

S=—oox P R —172>>1
V.M, Y, (1)(16) 0.233

F ox,L

For Pe = 0,5 >>1,Le, ~1:

Y Y,
- Le, Ox FO +T,, |+ SLe,, T, zl M+TFOL3F +T, .,
SLe, +Le,.\ C,Le, o) SLe,+Le, 7 S\ C ’ ’

5x107J /kg)(
Qo ( g)( ) 35,700K >> T,
C, 1400J / kgk ‘
=> Le, doesn't affect T, significantly
» Thus we usually don’t notice Le effects on T; for nonpremixed

flames (Ler doesn’t matter and Leg, = 1)

P
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Basic structure of nonpremixed flame

» The inevitable Excel spreadsheet (S = 1 and Ler = Le,, = 1 for
the cases shown)

0.8 0.8 0.8 0.8

0.6 ‘—YF/Nfo 06 0.6 —YFNfo
—Yox/Yox,0 —Yox/Yox,0

0.9

—T/Tf (fuel side) —T/Tf (fuel side)

0.4 —THDT (ox side 0.4 04 F __1ypT (o side) 04

0.2 02 02 0.9
0 0 0 0
0 02 04 06 08 1 0 02 04 06 08 1
X X

Pe=0 Pe =3
AME 513b - Spring 2020 - Lecture 3 - Nonpremixed flames
USCViterbi

1D planar steady nonpremixed flame

School of Engineering

> Alternative, “simpler” formulation for Leg = Ley, = 1 using mixture
fraction (Z) (fraction of mixture that originated in fuel stream; Z = 0 at
oxidizer boundary, Z = 1 at fuel boundary, Z = Z; at flame front)

» At any location x, mixture contains Z(x) mass from fuel stream and (1 —
Z(x)) mass from oxidizer stream:

Y. 7 (x)+ Y. (x) YGX,L_YGX(x)+ VoM, Yo Y. (x)

ox,L ox

_ Mass from fuel streamatx v M V.M, Y. veM.Y Yo,
- Total mass at x - Y .. N i - I+ v,M Y,
VUX M()x VF MF VF MF Yox,L
1- 1) +8 @
_ ox.L Fo
1+S
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1D planar steady nonpremixed flame USCVlterbl

dz _ 1 (S 1 dY, 1 dv,

&z 1 (S 1 &Y, 1 dfyo)

dc 1487 Y, de Y, dx [d 1+S| Y, dF Y, df
2 2
udYF —DFﬁ=O; uﬂ—D a7, =0;Le,=Le =D, =D =D
dx dx’ dx * dx? x .
2 2
WS rdy, 8 14y, o 1 vd, 51 1dY,
148 Y, dx 1487, dx’ 1+SY , dc  1+SY  dx’
2
Add 2| S_ L dY, 1 1 dY | L S 1ar, 1 14,
dx{1+S Yoo dx 1+S8Y , dx dx* | 1+8 Yoo dx 1+S8Y , dx
2
= d—Z—Dd Z =0;
dx dx’

ePefc_ePe X ML

Boundary conditions Z=1atx=0, Z=0atx=L=Z(X)=———;X=—,Pe=—
1-e™ L D
Pe
At flame front Z(x,)=Z_ =L=>)? =Ll I+5e as before
T eSs  Pe | 1+
AME 513b - Spring 2020 - Lecture 3 - Nonpremixed flames

1D planar steady nonpremixed flame ~ USCViterbi

» Z formulation does not require fuel and oxidant to react at x = x; or
anyplace for that matter, so is especially useful for near-extinction
conditions where fuel or oxidant leakage may occur

» Strength of reactant fluxes to reaction zone characterized by scalar
dissipation (y, units 1/time), most useful to evaluate at flame location ()
where reaction occurs:

X=2D(d£)2 _LD(LZ)Z_LD

14

Pe(em)]z. 5 —s=1

dx L\ dx L 1-¢e”
21
. 1+Se™ eS8
2D 145 )| op[ Pe(1+Se™) ) =,
Xr= 12 1-e™ Nz (1+S)(1—6PF) = .

» Both increasing Pe and S increase
s and thus weaken flame (by 0 1 2 3 a
symmetry, negative Pe and S << 1
would also be a weak condition)
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1D planar steady nonpremixed flame USCViterbi
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» Note also
Pe X Pe Pe Pe
. € "—e P - Pe Pe. ~ 1 1+ Se ret, 1+Se
V4 = = =7 1- + ; =—1In = /=
W= = @[1-e"Jrem, Pe ( 1+ J ¢ 1+

_ PeX 1-Z(x)| 1- e
1Lpe;z,:TF,U-’_(T/'_T”) - |:1+;eh;' :
1—

l1-e
1+S

Fuelside: T(X)=T,,+ (T/. - Tp,o)

=T(Z)=T,,+(T,-T,,)(1- z)?

Peli-,

Oxidizer side: T(i)zT/.—(T/.—TXYL)ng ~(r,-1,,)

o P1-7,) s /o ToxL

1—e™* ~Pe %,

—Pe ¥
1-ee Y

—e

S P ki L L i i) I PO

» Temperature (and composition) profiles are linear when plotted vs. Z
instead of vs. x — huge simplification

> Applies to other flows (stretched counterflow, droplet, ...) if Ler = Ley, =
1

AME 513b - Spring 2020 - Lecture 3 - Nonpremixed flames

1D stretched flame USCViterbi

School of Engineering

» Simple counterflow, fuel at x = -, oxidant at x = +«
» Velocity (u) is not constant in this Oxidant + inert
case, Now U = -Xx (T = strain rate) H ¢ ¢
» Again assume pD & k/Cp = constant
» Stagnation plane (u = 0) at x = 0, but
flame may be on either side of x =0
depending on S, Le; & Le, AR - ———

» Somewhat similar to plane
unstretched case but this
configuration is easy to
obtain experimentally

» Model for local behavior of flame in
turbulent flow field (“laminar flamelet” H $ T
model)

Flame

Fuel + inert
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1D stretched flame USCVlterbl

» Species conservation:

day, a’y, ay, d’y,

u -pD =0=-2x —-ale =0;
P TP e dx dx*
. x _dY, 1 d%, . .
LetxX= =i—t4+— Z F_0=Y.(X)=Cerf| Le.X|+C
Valz di  2Le, di’ + ) ‘f( F) :

2 a 2

Recall erf(a)=—= | e dt
\/;fo

Fuel side boundary conditions: X = )ch,YF =0;x=-0Y, =Y, _,

Yo (erf(\/zfcf) —erf( Lech)) dy,|  2yLe, YR_xe*Le";}
1+erf(\/Z)?f) " dx ek, N 1+erf(\/aif)

Oxidizer side boundary conditions: X =X,¥, =0;X=Y, =Y,

Vet (Ve )-erf (VEeuR) ay,
1-erf({Le,, %) T di

=Y. (X)=

0x,%

ek, NE l—erf(\/?wfcf)

2fle, Y, et
=>Yox(3~f)=— - € €

AME 513b - Spring 2020 - Lecture 3 - Nonpremixed flames

1D stretched flame USCViterbi
» Energy equation:
2 2
puCPd—T—kd 7; =0=>—Zxd—T—ad—f=0;
dx dx dx dx

_dT 1d°T . -
JziT:xEJ“dez =0=T(%)=Cerf(%)+C,

Fuel side boundary conditions: X = fcf,T = Tf;Fc =-0,T=T,_,

= T(¥) = (T, T, _.)erf () + T, _erf (%) +T, dr LM
L+erf(x;) @, r d+ef(R)

Oxidizer side boundary conditions: X = )Ef,T = Tf;fc =+0,T=T

(Tf =T, .. )erf (X)+T,, ,.erf (X,)-T, dar
1-erf(%,) d¥

Again let X =

2 (Tf - Z)x,wo ) e_i%

=%, ﬁ 1- erf('%f)

=T(X)=-
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1D stretched flame USCViterbi
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» Stoichiometric balance at flame sheet is same as always

D dYF — VFMF D dYuv
PR| Ty m P |

=5, ox” " ox X=X,
b 2JLe, Y, e _ VM, 2fLe, Y e

" r rver(\ie, 3, ) v, O 1-erf (e, %, )

—Le 7> —Le, i
D Le e CpXy VFM Y e Cox¥y

F F F 7 ox,eo

N =

D \Le, 1+grf(JLeF)Ef) V.M, Y, 1—‘3”f(\JL€m ~f)
Le  _(1e,-1e, )% I+ erf( Ve, )

=S e =

Le, 1-erf(|Le, %,

In general, not solvable for X

, in closed form but if Le, = Le =1 then

S:Hev‘(@)%:ew(ﬂ

1-erf(%,) S+1

»Note that no flow parameter (like Pe) appears explicitly; strain rate
% absorbed into scaling of X,

AME 513b - Spring 2020 - Lecture 3 - Nonpremixed flames

1D stretched flame USCViterb
»Energy balance condition is the same as always
ay, ar ar
-QuoD, =L =k=—| —k=—
QRp ’ dx - dx == dx = pe
~Leri} T.-T, .)e™ T.-T,.)e"
=>+QRPDF2 Lep Yo =ki—( ! hw}e +ki—( ! "X’+°°~)e
Jr l+erf(1/LeFif) Jr  l+erf(3,) Jr  l-ef(F))
L Ye0e pOo - e (G T)e” (T T )e
G,k Lrerf(JLe %) T+erf(%) 1-erf(%,)
= YF,—wQR 1 e(l_L"F)}f T/' - TF,—oo + T’j - 7:7x,+oc

Cr JLe 1verf(JLe,,) 1+erf(x) 1-erf(%,)

AME 513b - Spring 2020 - Lecture 3 - Nonpremixed flames
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»Energy balance continued...

1. Yo Ok (7 - Leerf (%)

If LeF - Leox =1 then C—P - (Tf TF’_OC>+ (Tf 710)(’“0)%
1+57_1
=(T,-T,_.)+(T, 'Twc,+°°)1_ g—i
S+1

%+(TF_DO +STm_+oo)
YF—ocQR C ‘ ’
:>’—=(Tf—TF7m)+(Tf—T )S OI'T}-= L

0X 4%

C, ' 1+S
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1D stretched flame USCViterbi

School of Engineering

» For S =1, Ler = Le = 1, flame located at stagnation plane

» For S > 1 (oxidizer more diluted than fuel), flame moves toward oxidizer
boundary — need steeper gradient of oxidizer

» (Chemical effect, not predictable with 1-step chemistry): S or Zg; =
1/(1+S) has significant effect; for flame on oxidizer side (large S, small
Zg) radicals (mostly formed on fuel side because of lower C-H & C-C
bond strengths compared to O=0) are convected away from flame
sheet, so flames are weaker even for same T; (Chen & Axelbaum 2005)

1.5
- 1000 e e e
Y= —_
x 1 2 o0 o
§ 05 &0 ]
= & 700 | E
8 o % 600 F E
L) £
o 05 » 500 | o E
g A % 400 5 E
i £ a0 | E
_15 PRI THE N R T BRI EE T ETTT 200 i bu el
001 01 1 10 100 0 01 02 03 04 05 06 07 08
Stoichiometric parameter (S) Zy
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1D stretched flame USCViterbi

School of Engincering

Temperature (K)

» Temperature & species profiles are error functions

> For S =1, profiles are symmetric about x = 0; convection effect (u) is
small at flame location & behavior similar to unstretched flame at low Pe,
decreasing either Le increases T

> For S > 1, flame lies on oxidizer side of stagnation plane; flame
temperature affected mostly by Le,, but not Leg; decreasing Ler moves
flame closer to x = 0 & increases T;

2500 1 2500 1
S=15 S=1
2000 | {o0s8 2000 0.8
—T —T
1500 f—Vi/Yte 106 & 1500 f—Yivieo 0.6
—Yox/Yox,-o 2 o —Yox/Yox,-
1000 } o048 2 1000 0.4
B
2
500 } 4 0.2 g 500 0.2
2
0 L L 0 0 L L 0
2 1 0 1 2 2 1 0 1 2
Scaled coordinate (x) Scaled coordinate (x)

AME 513b - Spring 2020 - Lecture 3 - Nonpremixed flames

1D stretched flame USCViterbi
»Mixture fraction formulation for Ler = Leg, = 1
I_Y;(X)J'SY;(X) az 14z
7 = oxL RO e =Le =l leti=—"t =394 =
1+8 e 2D/= dx 2 di’
= Z(X) = Cyerf(X)+C,; boundary conditions Z =1 at x = =00, Z =0 at x =+
L _L-erf(%), N 1. _I(S—l)
=Z(X)= ; at flame front Z(X,)=2Z_ =——= X, =erf | ——| as before
D= (%) =2, 1+s 7 ! S+1
dz dZ d 0%
y= ZD( ) -ZD(——x) 0.3
dx dx dx
, ) 0.25
1277 1 S e
—op|-—2f 1 | £, K02
2 Jx \2D/2] = R 15
~ > S 1 0.1
X = ;exp 2| erf™ i1 0.05
0
001 01 1 10 100

S
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Droplet combustion
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» Heat from flame conducted to fuel surface, vaporizes fuel, fuel
convects/diffuses to flame front, O, diffuses to flame front from
outside, burning occurs at stoich. location

» As fuel burns, droplet diameter d4(t) decreases until d; = 0 or
droplet may extinguish before reaching dy = 0

» Experiments typically show d4(0)? - d4(t)? = Kt

f SN [Oxygen]
d; = 2r¢
[Fuel]
Temperature
dy = 2ry [T P
Droplet
surface \
I Flame front

125 — _

Model: d, = 5 mm
Model: d, = 4 mm
——- Model: d; = 3mm
Model: d, = 1.5 mm
o S8TS-83:d,=3.90mm
- STS-83:d,=319mm

0.00 0.25 0.50 0.75 1.00

time / d.? [sec/ mm’]
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Droplet combustion

USC Viterbi
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Marchese et al. (1999), space experiments, heptane in O,-He
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Droplet combustion USCVlterbl

» Analysis similar to 1D planar flame cases already discussed but
need to use 1D steady spherical version of convection-diffusion
conservation equations for Y;, Yo, and T

. p =, - 1d/,
Mass conservation: —+V-(pu)=0=——(r"pu)=0
ot (p ) r? dr( p )
= it = 4mr’ pu = constant (compared to pu = constant for planar case)

Energy conservation: p[z—h+ (12 : ﬁh)] -V- (kﬁT) =¢" = pC,ii-VT -kV-VT =0
t

= pCpu

T k d( sz)
—-——|r"—|=0
dr rdr dr
. . aYy, . = = .
Species conservation: p{a—’+(u- Y,.)]—V~(pDVY,-)= M .o,
t

=

LD 4 (),
dr r° dr dr
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Droplet combustion USCViterbi

» Unknowns
» Flame temperature T; and flame location r; (as with gaseous flame
cases previously discussed)
> Fuel mass flux 71 = puA = pgugy(41irs2) from droplet surface

(expressed in Pe in the following analysis) (new, was a known

quantity in previous cases)

» Note that #2 must be constant, but the fuel mass flow is not; the fuel
disappears by r = rs, but the total mass flow (i.e. of inert and products)
must be constant outto r = «

> Fuel concentration at droplet surface Y 4 or stoichiometric
parameter S (new, was a known quantity in previous cases)
» 2 more unknowns, so need 2 more equations (total of 4)
» Reactant diffusive fluxes into flame sheet in stoichiometric proportions
(same as gaseous flames)
» Fuel enthalpy flux into flame sheet = thermal enthalpy flux out (by heat
conduction) (same as gaseous flames)
» Energy balance at droplet surface (new)
» Mass balance at droplet surface (new)
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Droplet combustion USCViterbi
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» Fuelside (rysr<r)

pule_0D: 4,

5 =0,m= 4ﬂr2pu = constant
dr r- o dr dr

= Pele, 4, _ i(;z di) where Pe = Cr g=l
& dr\ dF ankr,” 7,

, dY, day, dF
== =
di  PelLe,Y,+C, 7’

= Pele, Y, +C, =7

In(PeLe, Y,

N n(PeLe,Y, +C,)
Pele,

Boundary Conditions: r=r, (F =1),Y, =Y, , andr=r, (F=F;),Y, =0

1 . .o .
=——+C, =Y, =C, +Cye P
F

(e—PeLeF/Ff _ g PeLerl? )

dY,  PelLe, Y, """

=Y.(F)= _ _
w(F) o FeLerlis _ jPelep CdF 72 g Pelerlly _ j-Peler
—PeLey

dy, e Y,

Fl __ Fd _ Fd
—| =-P eLeF_—PeLe,,-/Ff “pele, PeLe, PeLe, (1-177,)
dr |;_, e —e 1
dY,| _ PeLe, Yo4

~ =2 ~PeLey (117,
di Bt

=iy

1
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Droplet combustion USCViterbi

School of Engineering

» Note similarities to planar case, but now due to r2 factors in
conservation equations we have exp(-Pe/r) terms instead of
exp(-Pe*x) terms

» Oxygen side (rz2ry)

' ' —Pele, i
Y =C+C,e

Boundary Conditions: r=r, (5 =7,),Y, =0 and 7 —x,Y, =Y

ox,°

—Pele [IF —PeLe, |7, —PeLe,, /F
v (7)=y ° eoll _ o™ dY, y Pele, e eheod?
ox ox,° 1 _ e_PELeOX/;f ’ d; ox,© ’72 1 _ e—PeLe,,x/F/
dy,| _Pele, Y, . . dY F| _0
dr | ~2 PeLe,, /7, l’ d7
T e, e e - T 1o
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Droplet combustion USCViterbi
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» Temperature (rgy<r<r)

dar_k d(rzd_T)=o,m=4m2pu=>PedT=i(72d_T)

ar Pdr\ dr dF dF\ dF

= PeT +C, P2

T=C+Cye ™ BCs:7=1.T=T, and 7 =7,,T =T,
»

(Tf _Td)e—Pe/F _ (Tfe-Pe _ Tde—Pe/F/ ) dT  Pe (Tf _ Td)efpe/;

_Pe (Tf‘Td)

~2 ~Pe(I-1/7;)
U 1-e

=T(F)=

ar

al _P(Tf_Td)eipc?P I, -1, dr
dr

= e —_—
—Pel. _ _1/7 2
e el Pe ePe(l 1/7;) 1 dr

» Temperature (r 2 ry)

PeT +C, = de_T =T=C+Ce "™ BCs:F »wT=T, and7=7,T=T,
r

1-e " TdF P 1=
dr __E(Tf—Tm)e_Pe/F’ __E(Tf—Tw)_d_T o
dF . '7/2 l_efpe/?f ;/z ePe/Ff 1 > dF .
AME 513b - Spring 2020 - Lecture 3 - Nonpremixed flames
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> As with flat flame, stoichiometric balance at flame sheet is

oD, dYNF - VM 3 in;x

dr F=Fp_ VoxM ox dr F=Fp,

PeLe Y, v.M PelLe, Y,
PDy 2 - e—PeLe,_-(I;:l/Ff) 1 =-——=pD,

ox ~2 PelLe,, /Ty
f v,M, rooe -1

—PeLe, (1-UF,) = PeLe,, IF, = TG Pele, /i
e -1 v MY, e -1 Se -1

1 VMY, 1 L1

PelLep (1/7,-1 PelLe, /7,
et L et 214 S (Eq. 1)

» Looks very similar to flat-flame case... but again note 1/r terms

vs. x in flat-flame case, plus Pe and S are unknowns (since mass

flux and Y 4 are unknown) (and of course flame location r; is
unknown)
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USC Viterbi

Droplet combustion
» As with flat flame, energy balance at flame sheet is
dy, ar dar
~0.0D. 2 & &L
OxPDr di  dFl, o dF
Y T.-T T.-T,
_QRpDF Pe};ep “PeLe (Tﬁ/f ) = k}j_ze ( f—Pe(Ifil/)f ) +k}~)_2€(r£/f—)
reoe =1 I l-e ! rpoe -1
k Y T.-T T.-T.
_QRpDF —PelLe, (I:fll/f-) = k ( f—Pe(l—dl/)f ) + k( é/f )
pC,D, ¢ " 1 e S |

Y, 0 /C, (Tf_Td) (Tf‘Tw) (Eq.2)

1- e—PeLeF(]—I/F/) = 1- e—Pe(]—I/F/) ePe/F/ _1

Again looks similar to flat-flame case...
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» New constraint #1 - conductive heat flux to droplet surface = enthalpy
needed to vaporize the mass flux of fuel (L, = enthalpy of vaporization

at droplet temperature)

k(4nrj)d—T =n'1LV=>d—7: _mC L _peL
ar i dr .., 4mkr, C, C,
T.-T o C,(T,-T
= Pe—fot = Pet = ") P
e -1 C‘P v

» New constraint #2 - mass balance at droplet surface: mass flow from
droplet into gas (fuel only) = rate of fuel convected into gas + rate of
fuel diffused into gas (fuel mass fraction at droplet surface (Yg g)

cannot be 1)

. dy, . mC k dy,
m=-pD.A drF +mYy = £ ( =Y d) -

4srk pC,D, i dF |y
Y, eLey (1-1/F, Y,
:PeLeF(l—YF,d)=PeLeFW:”fP”“ l/j)—1=1 f;}d
— - F.d

- YFyd - 1 _ e—PeLeF(l—l/Ff) (Eq 4)
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USC Viterbi
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Droplet combustion

> 4 equations for 4 unknowns; note Y; 4/S will be isolated because neither
Y¢q nor S are known but Y, /S=(v.M,Y,,..)/(v..M,,) (stoichiometric mass
ratio of air to pure fuel) contains only known properties

YF,dQR/CI’ (Tf - Td) (Tf - TW)

— = — + =
_e-Peu,(l-l/r/) l_e—Pz(l—]/r/) 7

Eq. 1: "D 4 geH T 214 8 Eq. 2: 1

o117 ColT, - T, ~PeLep (117,
Eq.3: " ”/’=1+7"(Lf “); Eq. 4: Y, =1-¢ "t
Yy, \1- Feber 1D Yy, Yo, 1
Eq.1=Y,, = (T) Tl or 1= gFeber @i = T ool ] (Eq. A)

Y,

Eq.A+Eq.4:>(%

1= gheter /=D . . VLe
)7 o] PeLer V) ety (1 +(YF,d/S)) ox (Eq.B)

PeLe, 7,
e el _q

Eq.B+Eq.2+Eq.3+Bq.4 =2 - r-n) (T"_Twl/)u
C, 1_# (1+(Y1~',¢1/S)) -1
CP(Tf—Td)*'LV

T e e o

Qe _(r 1)+ Loy -\ S (Eq.C)
~c, (7-7.) G (141, /8) -1 (1+(¥,a/8)) d
AME 513b - Spring 2020 - Lecture 3 - Nonpremixed flames
Droplet combustion USCVltefbl
CP (T/ - Td ) + Lv PelF,
Eq.3 = ere=—0 T 4] P
LV
(QRC‘ L.t )((1 +(,,/8)) " - 1) +T.
C, £ Ve, -1, |+ L,
(1+(v.0/9))
+Eq.B+Eq.C = ¢ = - (1+(Y,./8)) "
1/Le,, -
0, ((1+(YM/S)) —1)+CP(T°C -T)
=|Pe=In(1+B);B= 7 (B is called the "Transfer Number")
Q=L )(Y /S)+T,
d F.d o
Note for Le, =1,B= O (Y /8)+ o (T _Td),T,. - ( <
L : 1+(Y,,/S)
QLo )((Y /S)/Le,)+T.
d Fd ox 3
and for (YFd/S) << LB ~ QR (YF,d/S)/Leox +CP (Toc _Td) ,Tf _ ( CP

L, : 1+(Y,,/S)/Le,,
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Droplet combustion USCViterbi
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» So finally we can calculate the droplet burning rate using Pe in

terms of known properties
_ G, =1n(1+B) m=pu,A =p ﬁ471'r2:>p ﬂ47rr2 <, =ln(l+B)
whr, ’ dTd T gy “dt T Amckr

d
Py k(14 B)= rdr, =~ ln(1+B)dt:>£=d—3= K1+ B)i+C;

y —==
“dip,C, P.Co 2 8 pgC

8k

Initial condition d, = d,(0) at ¢ =0=5{d(0)—d (1) = In(1+ B)t = Kt

d P

K'is called the "burning rate constant” (typically 0.5 mm?2/s)
> What about r; and Yg 4?

7= Peln(1+(Y,,/5)) " =7, = :_f _
d

d, Le,In(1+B)

d_; In(1+(Y;,/S))

Lep/Le,,
-1- efPeLe,-(l—l/Ff) -1- e_PngFefPeLe,-/if -1 (l + (YF,d/S))

C (1+B)

f

YF,d
B-(Y,,/S)

1+B
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For Le, = Le, =1,Y, , =

Droplet combustion - comments USCViterbi

School of Engineering

> (8k/pyCp)In(1+B) is called the burning rate constant — units
length?/time

> k/p4Cp is NOT the thermal diffusivity because p4 is the droplet
(liquid) density, not gas density!

> B is called the Transfer Number — ratio of enthalpy generated
by combustion to enthalpy need to vaporize fuel; typical values
for hydrocarbons = 10, much lower for methanol (= 3)

» Enthalpy release (Qg) appears only inside a In( ), thus
changing T; hardly affects burning rate at all - why? The more
rapidly fuel is vaporized, the more rapidly the fuel vapor blows
out, thus the harder it is for heat to be conducted back to the
fuel surface

> In fact since you can’t change k, pq or Cp significantly in fuel/air
combustion, only the droplet diameter affects burning time
significantly (time ~ d4(0)?)

» di/dy is constant and doesn’t even depend on transport
properties (except for Leg,), just thermodynamic properties!

AME 513b - Spring 2020 - Lecture 3 - Nonpremixed flames




Droplet combustion - comments USCViterbi

School of Engincering

> As expected, as Y, . decreases (more diluted oxidizer), flame
moves farther out (r; increases) due to lower fuel flux

» Flame temperature almost same as gaseous flame with adjusted
enthalpy release Qg — L, vs. Qg

> Since usually Yg 4/S << 1 (see example), Y 4 = B/(1+B) which is
generally only slightly less than 1 since generally B >> 1

> Can also use this formula for #2 even if no combustion (just
evaporation of a cold droplet in a hot atmosphere) —set Qg =0

> Nothing in expression for Pe, Ty, r; or Yg 4 depends on pressure

> Leg doesn't affect burning rate (Pe), r; or T at all, only Yg 4 due to
a cancellation of Ler in the boundary conditions atr=r;and r = r,

> As a result, there are “simple” closed-form solutions even for Le
# 1, whereas for the 1D planar unstretched flame and the 1D
counterflow, different types of boundary conditions exist at the
flame sheet (flux matching) and reactant supply boundary
(specified value) thus closed-form solutions for Le # 1 do not
exist
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Droplet combustion - comments USCViterbi

School of Engincering

» For decreasing Le,y,
» B (thus Pe) increases, but not much because of In(1+B) term
» r:decreases because of Leox term; increasing B inside In( ) term has less
effect
» Trincreases because of (1/Leox) exponent

> Actually there is a 5t equation since T4 and Yg 4 are not
dependent — a liquid-vapor equilibrium exists, typically modeled
via the Clausius-Clapeyron relation

L
X, = exp[é[% - TLH, T, = boiling point of pure liquid at ambient pressure
b d

M,/M,

inert

X, , = mole fraction of fuel at droplet surface = ¥, , 1+7, (M /M 1)
F.d F mert

inert

... but for typical fuel-air combustion, effect on burning rate
constant K is small because Y 4 is close to 1 (but must be < 1).
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Droplet combustion

USC Viterbi

School of Engincering

» Commenton T and Y,, profiles forr > «

(1,-T.e™" )= (1, - T.)e ™" ( T.e"")=(T,~1.)(1- Pe/F)
e s e
Asr—o: T(r) - 1— e_pg/;f 1- —Pe/rj
T, -T,
= Pe 1
l-¢ 7 r 1
T, -T, 7
Also since typically 7, >>1,=T(F) =T, +f7°°~& =T.+(T,-T.)L
1-(1-Pelr;) ¥ r

—Pele,, /T, Y Tox
1-e "l 7

Similarly ¥, (F)=Y, ., (1 _ 1 PelLe, )

and for 7, >> 1Y, (r)—>YM(1 r{)

» This is identical to pure diffusion in spherical geometry:

d( dT) 0=T(r)= C+C— i( dY) 0=Y ()= C+C—
dr dr rodr dr r

BCsT=T,atr=r,,T=T, atr=0=T(r)= T+(T T)—’
B

BCsY, =0atr=r.Y, =Y, atr=w=Y, (r)= Yow(l—i)
.

so diffusion dominates convection at large r
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Droplet combustion USCViterbi

School of Engincering

» Example for typical fuel (heptane, C;Hs) in air (assuming Leg =
Leo, = 1, but again Leg affects only Y 4)

Y. 'S)+C,(T.-T) v M
dX(0)-d3(t) = 8k ln(1+B)t;B=QR( £d ) (T ”);M=YMVF—F=0.233M=0.0662
p,C. L s v M 11(32)
(4.46x1077/ kg)(0.0662)+ (1400 / kgK )(298K —371.5K)
- 3.18x10°J / kg -
8(0.026% / mK
Burning rate constant K = 8k 1n(1+B): ( n ) ln(1+8.96)
p,C, (680kg / m*)(1400./ / kgK )
=5.0%x10"m* /s=0.50mm* / s
d
Flame diameter — = In(l+8) ___In(1+8.96) =359

d; mn(1+(v,,/s)) In(1+0.0662)
(Qu=L,)/C,+ T, +(S/7,.,)T.
14577,
7_ s
_ (446x10" =3.18x10° / kg ) /(14007 / kgK ) +371.5K +(1/0.0662)(298K ) ek
1+1/0.0662

B-(7,,/S) 896-0.0662
1+B 14896
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Flame temperature 7, =

Fuel mass fraction at droplet surface Y, , = =0.893

Droplet combustion USCViterbi

School of Engineering

» The d2-law assumes no buoyant or forced convection, but in
most applications there is likely to be significant flow; one
relation for the effect of flow on burning rate is

12 1/3
ANuk g Nu—2 4 OSSSRESPr

p.C, [1+1232/(Re, Pr*)]

[dO)] -[d®D)] = K:K =

Re4 = Droplet Reynolds number = ud(t)/v

Nu = Nusselt number based on droplet diameter
u = droplet velocity relative to gas

Pr = Prandtl number = v/a.

v = kinematic viscosity

o = thermal diffusivity = k/pC,

» Reduces to the previous result for u = 0 (thus Re = 0)
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Summary USCVlterbl

» The structure of premixed and nonpremixed 1D laminar flames is
determined by
> Balance between conduction & convection outside reaction zones
» Matching of reactant consumption within reaction zone in
stoichiometric proportions to flux of reactants into reaction zone

» Matching of thermal enthalpy release within reaction zone to
diffusion (conduction) of heat away from reaction zone

» Nominally, flame temperature of premixed flames is determine by
thermodynamics alone

» Flame temperature of nonpremixed flames is very dependent on
convective (Peclet #) and diffusive (Lewis number) effects, but
for usual situation of highly diluted O, (i.e., air) (S >> 1) with Leg,
= 1, these effects are minimal
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