PROJECT SUMMARY

Jingyi Zh u

Departmen t of Mathematics

Univ ersit y of Utah

One of the ma jor problems in turbulen t com bustion is to predict the turbulen t burning

v elo cit y whic h can b e increased b y the turbulence compared to the laminar burning v elo cit y ▷

This requires the solution to a reacting γo w problem where the turbulence is coupled to the

c hemical reaction▷ The diδculties lie in the fact that man y disparate spatial and temp oral

scales are presen t in the con v ectionreactiondiαusion system▷ The in v estigator studies sev eral

simpliβed γame◁γo w in teractions where γuid γo ws ha v e separate large and small scales▷ The

particular asp ects considered are the diminished enhancemen t of turbulen t burning v elo cit y

when the turbulence in tensit y is increased ab o v e a certain v alue ↼the b ending phenomenon↽

and the onset of γame quenc hing when the turbulence is to o strong▷ The fo cus is on the often

ignored in teraction b et w een small scale γuid γo w and c hemical reaction▷ The approac h is to

solv e the system in t w o stages. ↼1↽ a small scale problem is solv ed with full in teraction b etw een

c hemistry and γuid γo w to generate the lo cal burning v elo cit y whic h can b e quite diαeren t

from the laminar burning v elo cit y, ↼2↽ at the large scale lev el this lo cal burning v elo cit y is

used together with the large scale γuid v elo cit y to mo ve the γame front where it is treated as

an in terface▷ The turbulen t burning v elo cit y is then estimated and the b ending phenomenon is

analyzed▷ The in v estigator uses the pro jection metho d for viscous γuid and implicit secondorder

up wind βnite diαerence metho ds for the c hemical reaction or the front evolution resp ectiv ely

at t w o diαeren t scale lev els▷ The ob jectiv e is to assess the eαects of small scale γuid γo ws on

the turbulen t burning v elo cit y when the turbulen t in tensit y is large▷ In another pro ject the

in v estigator dev elops a free b oundary form ulation to mo del an exp erimen t for c hemical fron ts

propagating in a HeleSha w cell under buo y ancy eαects▷ In this mo del a mec hanism that

pro duces βngers that are diαeren t from those in the classic viscous βngering phenomenon is

iden tiβed▷ The ob jectiv e is to obtain the w a v elength criterion for the βngers whic h is distinctiv e

in the exp erimen t▷ The in vestigator uses a p oten tial theory form ulation to solv e a simpliβed

mo del and the lev el set ↼Gequation↽ form ulation to solv e a more complete mo del▷ A metho d

for the ev olving temp erature that captures its correct jumps across the fron t is dev elop ed▷ The

w a v elength of the βngers are imp ortan t for understanding γame instabilit y caused b y buo y ancy

eαects▷

Computational Studies of FlameFlo w In teractions

Jingyi Zh u

In tro duction

T urbulen t com bustion is probably the most imp ortan t area in com bustion science y et to this

da y no comprehensive theory has b een develop ed▷ The reasons for this include the extremely

complicated γuid and c hemical reaction systems and the lac k of a theoretical understanding of

the turbulence phenomenon itself▷ Ho w ev er the adv en t of fast computers and stateoftheart

n umerical metho dologies dev elop ed in the last sev eral decades oαer new hop e that breakthroughs

on these problems will b e made in the near future▷

Here w e fo cus on the problem of γameγo w in teraction for some idealized systems and

prop ose to w ork on t w o imp ortan t asp ects of this problem. predicting the turbulen t burning

v elo cit y in premixed γames and buo y ancy eαects in fron t propagation▷ There is a long history of

in v estigation of these issues from b oth theoretical and exp erimen tal approac hes ob viously due

to their practical imp ortance▷ No w n umerical sim ulations are pla ying more and more imp ortan t

roles and con tin ue to mak e great progress in understanding these in teractions▷

In premixed γames the turbulen t burning v elo cit y S

T whic h is deβned as the mass consump

tion rate p er unit crosssection area divided b y the reactan t γuid densit y is found to increase

as the turbulen t γo w in tensit y u

0

increases ♭70♯▷ Ho w ev er increasing u

0

b ey ond certain lev el

increases S

T v ery little and ma y lead to complete quenc hing of the γame ♭1♯▷ This is the socall

♮b endingε phenomenon ♭7 56♯▷ V arious attempts had b een made in the past to study the eαect

of u

0

on S

T

♭16 32 3 4 73 66 12♯ mostly with the assumption that the com bustion happ ens

in the γamelet regime where the laminar γame structure is preserv ed for the lo cal wrinkled

γame in turbulence▷ Under this assumption sev eral factors ha ve b een identiβed and studied.

suc h as the eαect of thermal expansion ♭3 21♯, the eαect of γame stretc h ♭52 59♯, and the eαect

of the kinetic energy sp ectrum of the γo w βeld ♭32 73 65 31♯▷ The results sho w that they are

resp onsible for the b ending phenomenon▷ Ho wev er none of the ab o v e factors is seen to lead to

the quenc hing phenomenon under the γamelet assumption ♭56♯▷ T o βnd the mec hanism that will

ev en tually lead to γame quenc hing w e prop ose to study the eαects of com bustion in a diαer

en t mo de. the distributed com bustion mo de ♭42♯ in whic h the γame structure is substan tially

c hanged b y the small scale γuid γo w and ho w it aαects the turbulen t burning v elo cit y ▷ The

rationale is that ev en if a t ypical turbulen t com bustion op erates mostly in the γamelet mo de

still there ma y b e a p ortion of the γame where there is a transition to distributed com bustion

whic h w ould con tribute to the b ending phenomenon and ev en tually could cause certain p ortions

of the γame to quenc h▷ This eαect has b een discussed b y Ronney and Y akhot ♭55♯ in an analysis

of the γame broadening eαects with certain turbulence mo dels▷ Substan tial Direct Numerical

Sim ulations ha v e b een p erformed on γame γo w in teractions ♭33 9 59 53♯▷ Ho w ev er a detailed

n umerical study of the complete reactiondiαusioncon v ection system in distributed com bustion

regime has not b een rep orted in the literature▷ W e prop ose here to pro ceed in t wo stages to

study the γameγo w in teractions at b oth the small scale and large scale lev els b y using the latest

n umerical metho dologies and taking adv an tage of the h uge adv ance in computational sp eed on

a v ailable computers▷

F rom a numerical p oin t of view the main diδcult y in turbulent combustion is the many

disparate spatial and temp oral scales presen t in the system▷ T o solv e the complete γuid and

c hemical reaction system satisfactorily is still imp ossible on existing computers▷ With a tur

bulen t γo w βeld ev en adaptiv e grid metho ds do not seem to help m uc h since turbulen t γames

app ear almost ev erywhere in the region▷ Our approac h is to b orro w some ideas from large eddy

sim ulation ↼LES↽ where only the large scale parts are resolv ed in calculations and the small scale

eαects are tak en care of through mo deling▷ In the βrst stage w e will c ho ose some simpliβed mo d

els at a small scale iden tify the mec hanisms that are common to more complicated systems and

try to understand them as fully as p ossible▷ A t this lev el there is a full in teraction b et w een the

γuid γo w and the c hemical reaction in that the γame structure is dominated b y the small scale

γo w▷ W e will dev elop reliable n umerical algorithms to obtain imp ortan t information that will

b e useful at larger scales▷ W e prop ose sev eral eδcien t implicit metho ds to deal with the small

scale in teractions b et w een the γuid and the c hemistry whic h can ha v e diαeren t nonlinearities▷

P articular atten tion will b e paid to the v alidit y of Huygens principle whic h is widely used in

γamelet appro ximations▷

In the second stage the information obtained from suc h small scale mo dels will then b e

in tegrated in to the large scale problem in a Gequation ♭47 71 36 50♯ setting but with a

v ariable lo cal burning v elo cit y that is v alid when the γame thic kness c hanges substan tially

due to the lo cal γo w▷ The turbulen t burning v elo cit y will then b e estimated at this lev el and

compared to similar results from the γamelet mo del▷ W e will b e lo oking in particular for the

b ending phenomenon in our results▷ The βrst stage can b e view ed as generating corrections

to accoun t for the small scale eαects that ha v e b een ignored in the γamelet form ulation▷ Our

approac h has the adv an tage that b oth regimes are co v ered and the switc h is done automatically ▷

The ab o v e t w o stages constitute the βrst t w o parts of the prop osal▷ The third part is an

indep enden t problem whic h deals with buo y ancy eαects in premixed γame propagation▷ It is

a mo del for a particular exp erimen t ♭58♯ asso ciated with buoy ancy eαects in c hemical fron t

propagation in a HeleSha w γo w▷ The purp ose of this study is to understand the role buo y ancy

pla ys in γame instabilit y whic h is a v ery imp ortan t issue in practical concerns suc h as acciden tal

βre▷ The in teresting p oin t of this problem is that it is one of v ery few com bustion problems where

a fairly complete mathematical mo del can b e obtained whic h is feasible to solv e n umerically ▷

Some w ork for a simpliβed mo del is already done and the results are v ery encouraging▷ The

approac hes for the complete mo del are prop osed here▷

1 Premixed Flame Propagation in Distributed Com bustion

1▷1 Ph ysical Problem

Premixed com bustion can b e divided in to diαeren t regimes according to the relationships b e

t w een the v arious spatial and temp oral scales▷ There are three imp ortan t time scales in turbulen t

premixed com bustion pro cesses. ↼1↽ the largeeddy turno v er time scale ↼t

i

↽ that is determined

from the in tegral length scale of the turbulence ↼L

I

↽ and the turbulence in tensit y u

0

, ↼2↽ the

smalleddy cutoα time scale t

k

↼the Kolmogoro v time scale in inertialrange turbulence↽ its

ratio to t

i is prop ortional to the turbulen t Reynolds n um b er R e

L

, and ↼3↽ the c hemical time

scale t

c whic h is prop ortional to D /S

2

L where D is a c haracteristic molecular diαusivit y and

S

L is the laminar burning v elo cit y ▷ The regimes can b e iden tiβed using the ratios of these three

time scales▷ They can b e obtained from the turbulen t Reynolds n um b er Re

L π ↼t

i

/t

k

↽

2

and

s the Karlo vitz n um b er K a π t

c

/t

k

▷ The turbulen t Reynolds n um b er is alw a ys considered large

in turbulen t com bustion and that lea v es the Karlo vitz n um b er to determine the regime▷ The

γamelet regime ♭51♯ ↼the ♮thinε γame mo del↽ is obtained b y assuming K a << 1 whic h giv es

t

c

<< t

k

<< t

i

▷ In this case b oth γuid γo w time scales are m uc h larger than the c hemical

time scale so the γo w βeld is not exp ected to c hange the basic structure of the reaction la y er▷

The signiβcance of this is that the laminar γame theory can b e mo diβed and applied to the

γuidγame in teraction▷ In this regime γame propagation is describ ed b y a con v ection and a

selfpropagation with a lo cal burning v elo cit y S

L mo diβed only by the γame stretch ♭71 ♯ whic h

comes from the curv ature and γuid v elo cit y strain rates at the fron t▷

Imp ortan t though this γamelet regime is it do es not provide a natural mechanism for the

γame structure to b e altered to lead to γame quenc hing▷ On the other hand in the regime where

K a >> 1 ↼ t

k

<< t

c

↽ the distributed com bustion regime the lo cal γo w strain rate is suδcien t

to extinguish the γame fron t ♭70 ♯▷ When a γame is quenc hed b y a turbulen t γo w it is v ery lik ely

that βrst there is a transition from γamelet to distributed com bustion▷ The transition is not

sharp ♭56♯ therefore it is useful to consider the in termediate regime where t

c is comparable to t

k

▷

This can b e c haracterized as a c hemical reaction that is fast with resp ect to the in tegral scale

γo w but slo w or comparable with resp ect to the small scale γuid γo w▷ Here the complication

is that w e can no longer assume the laminar γame structure for the reaction la y er▷ The γo w

γame in teraction b ecomes imp ortan t ev en at the reaction la y er lev el▷ As a consequence the

reaction rate will b e mo diβed lo cally dep ending on the smallscale γo w▷ If w e still treat the

la y er as a propagating fron t the lo cal burning v elo cit y will b e quite diαeren t from that of the

laminar burning v elo cit y ▷ Damk⁀ ohler prop osed that the mean c hemical reaction rate migh t b e

the same as in the laminar γame therefore the c hange in the burning v elo cit y compared with

that of the laminar γame is con trolled only b y the c hange in the molecular diαusivit y due to the

turbulence▷ If w e denote the mo diβed burning v elo cit y and the eαectiv e diαusivit y b y S

Λ

L and

D

Λ

resp ectiv ely w e ha v e

S

Λ

L

S

L

/

D

Λ

D

. ↼1↽

With this assumption the c hange in the burning v elo cit y can b e obtained b y calculating the

eαectiv e turbulen t diαusivit y ▷ In the passiv e turbulen t diαusion case certain results for the

eαectiv e diαusivit y are a v ailable ♭48 29 44♯▷ Ho w ev er the Damk⁀ ohler h yp othesis has not b een

v eriβed and in certain cases it is highly questionable▷ Our purp ose here is to n umerically study

sev eral simpliβed onestep c hemistry systems describ ed b elo w that are coupled to the γuid

equations and obtain estimates for the mo diβed S

Λ

L for sev eral diαeren t c hemical reactions▷

The onestep c hemical reaction system w e prop ose to study that go v erns a homogeneous

premixed com bustible mixture is

ρ↼Y

t

⇁ u Δ rY ↽ / ϵ

Le r

2

Y Γ

1

ϵ f ↼Y , T ↽ ↼2↽

ρ↼T

t

⇁ u Δ rT ↽ / ϵr

2

T ⇁ q

ϵ f ↼Y , T ↽ Γ C T

4

↼3↽

This system is in an appropriate nondimensional form▷ Here Y is the concen tration of the

reactan t sp ecies T b et w een 0 and 1 is the normalized temp erature ↼with resp ect to the burned

and un burned temp eratures↽ ϵ is the ratio of the thermal thic kness to the turbulen t in tegral

length scale L

I with whic h all the lengths ha v e b een nondimensionalized, q is the heat release,

the Lewis n um b er Le is the ratio of the thermal diαusivit y to the mass diαusivit y ▷ W e ha v e also

κ λ

Z

↼ included a heat loss term C T

4

that is due to radiation where the constan t C dep ends on the

StefanBoltzmann constan t and the Planc kmean absorption length ♭70♯▷ The radian t heat loss

is though t to b e imp ortan t in distributed com bustion whic h can b e a ma jor factor in causing

γame quenc hing ♭56♯▷ In the constan t densit y mo del where the γo w is decoupled a normalized

ρ / 1 and a giv en incompressible v elo cit y βeld u are giv en a priori ▷ In the coupled system w e

c ho ose to use a lo w Mac h n umb er mo del for closed v essels where the leading order pressure the

thermal dynamic pressure P is assumed to b e a function of time only ▷ The γuid system can b e

written as ♭43♯

ρT / P ↼t↽ ↼4↽

ρ↼u

t

⇁ u Δ ru↽ / Γrp ⇁ ϵP r r

2

u ↼5↽

r Δ u /

1

γ P

Γ dP

dt

⇁ γ q

ϵV ol ↼Ω↽ f ↼Y , T ↽ ↼6↽

dP

dt

/ γ q

ϵV ol ↼Ω↽

Ω f ↼Y , T ↽dx, ↼7↽

with appropriate b oundary conditions and initial conditions▷ Here P r is the Prandtl n um b er

and γ is the sp eciβc heat ratio▷ The temp erature T and sp ecies Y are coupled to Eqs▷ ↼2 3↽▷

Three diαeren t c hemical reaction forms will b e considered and compared.

ϵ Arrhenius reaction

f ↼Y , T ↽ / AρY exp↼Γβ ↼1 Γ T ↽↽ ↼8↽

where the parameter A is the reaction prefactor β is the reduced activ ation energy or the

Zeldo vic h n um b er▷ This form appro ximates a onestep exothermic c hemical reaction quite

w ell▷

The follo wing t w o cases will b e considered for the case where Le / 1 and the radian t heat

loss is ignored where one of the normalized unkno wns can b e eliminated▷ In this case w e only

ha v e to consider the temp erature equation▷

ϵ KPP reaction

f ↼T ↽ / AT ↼1 Γ T ↽ ↼9↽

for some p ositiv e constan t A ▷ This is the simplest form that giv es the required t w o states▷

ϵ Piecewise linear form ↼Cla vin and Li ⃗ nan ♭17♯↽

f ↼T ↽ /

AY , 0 κ T κ T

Λ

,

B ↼1 Γ T ↽, T

Λ κ T κ 1,

↼10↽

where the parameters A and B are the reaction rates in the un burned and burn t states

resp ectiv ely with the parameter ranges Γ1 < A < 1 and B > 0▷ This form allows for

three distinct regimes of b eha vior that can b e analyzed ♭17 27♯▷

The γuid v elo cit y u is from a γuid system whic h w e assume ma y or ma y not b e coupled to the

c hemical system▷ W e prop ose to pro ceed in three steps. ↼1↽ prescrib e a kno wn incompressible

γo w βeld suc h as shear and v ortex γo ws, ↼2↽ assume the γow satisβes the nonreactive incom

pressible Na vierStok es equations, and ↼3↽ allo w a full in teractive system suc h as the lo wMach

n um b er system Eq▷ ↼47↽ instead of the fully compressible system▷

In the distributed com bustion regime all scales of turbulence are exp ected to lie inside the

γame▷ In our prop osed study w e w an t to study the in termediate regime that lies b et w een this

regime and the γamelet regime with some v ortex dominated γo ws ↼no attempt is made at this

stage to sim ulate real turbulen t γo ws↽▷ Th us the γo w scales will run from those smaller than the

γame thic kness to those comparable to the γame thic kness▷ With our computing capacit y the

scale range could b e rather limited▷ An eδcien t w a y to in tro duce γo w scales in to calculations

is to start with a collection of v ortices with a range of core sizes▷ The range of γo w scales can

therefore b e con trolled in the calculation▷

1▷2 Our Previous W ork

W e ha v e w ork ed on sev eral problems of this t yp e at a small γuid scale lev el in order to obtain

understanding of the lo cal γameγo w in teraction▷ Flame quenc hing b y a small oscillatory γo w

w as observ ed in our previous w ork with Xin ♭72 ♯ where a bistable nonlinearit y and a giv en

incompressible γo w w ere used▷ It w as found that non uniform media and the mean zero γo w can

eαectiv ely blo c k the c hemical w av e when the strength of these disturbances is strong enough▷

In another join t w ork with McLaughlin ♭49 ♯ w e in v estigated the eαects of βnite la y er thic kness

on the eαectiv e burning v elo cit y as opp osed to the thin γame mo del describ ed b y Huygens

principle▷ In this w ork KPP nonlinearity is used and a shear γo w with length scale comparable

to the γame thic kness is com bined with a constan t mean γo w▷ It is found that the enhanced

burning v elo cit y is sensitiv e to the alignmen t of the large scale mean γo w with resp ect to the

fron t orien tation▷ Linear and quadratic dep endence on the small scale γo w in tensit y u

0

are

observ ed for diαerent alignments▷ W e also observ ed that the βnite thickness eαect results in a

smaller burning v elo cit y than that of the thin γame fron ts▷ These observ ations should b e quite

useful in the construction of accurate Large Eddy Sim ulations and demonstrate that the sc heme

co eδcien ts should b e c hosen with care▷

1▷3 Numerical T o ols

The basic comp onen ts in the our n umerical solutions are ↼1↽ a γuid solv er based on the second

order pro jection metho d, and ↼2↽ an implicit nonlinear solv er for the con v ectionreactiondiαusion

system▷ In the case where the γo w βeld is prescrib ed a priori the γuid solv er is decoupled from

the nonlinear solv er▷ The basic structure of the algorithm will extend our w ork in ♭72 49 78♯▷

The new c hallenge is to b e able to deal with those diαeren t nonlinearities that are not co v ered

in our previous w orks particularly in the piecewise linear t yp e where the Newtonφs metho d is

exp ected to fail▷ Here w e summarize the essen tial comp onen ts in v olv ed in our curren t co des and

prop ose approac hes to deal with the new situations▷

The γuid solv er is an extension of a w ellestablished secondorder pro jection metho d de

v elop ed b y Bell Collela and Glaz ♭10 ♯ whic h is an upgrade of the original pro jection metho d

dev elop ed b y Chorin ♭15♯▷ The extension to the lo wMac h n um b er with c hemical reaction w as

carried out b y Lai Bell and Collela ♭38♯▷ Ov er the y ears w e ha v e dev elop sev eral co des that in

corp orate this metho dology for diαeren t applications in v olving diαeren t geometry and b oundary

conditions▷ Our previous applications in v olv e a nonreactiv e γuid calculation for viscous γo ws

in a c hannel with a bac kw ardfacing step ♭76 ♯ a lo wMac h n um b er system with inβnitely thin

γame fron t and a w eakly compressible system for enhanced thermal diαusion▷ The main fea

tures of the metho d are ↼1↽ a fractional step approac h where a pro jection step is tak en to mak e

a correction so the incompressibilit y constrain t is satisβed, ↼2↽ a secondorder Gudono v up wind

θ ι their calculation to those in a Direct Numerical Sim ulation ♭33 ♯ and found the diαerence is quite

substan tial▷ One reason cited is the small ratio b et w een the Kolmogoro v length scale ↼the small

scale of the γuid γo w↽ and the γame thic kness that is presen t in the DNS calculation▷

2▷2 Prop osed Approac hes

Our approac h here is to couple the Gequation with an equation for the lo cal thic kness of the

γame replacing S

L in Eq▷ ↼19↽ b y S

Λ

L

▷ The broadened γame will determine ho w the lo cal

burning v elo cit y should v ary and this information is therefore used in the Gequation▷ As a

consequence the lo cal burning v elo cit y as opp osed to the laminar burning v elo cit y can ha v e

a large γuctuation dep ending on the lo cal γo w▷ The key to this approach is ho w w e build a

functional relationship b et w een the lo cal burning v elo cit y S

Λ

L and the lo cal γo w▷ The information

obtained in P art 1 of this prop osal will b e used here▷ With regard to Damk⁀ ohlerφs h yp othesis

w e prop ose a t w ostep approac h to this issue▷ In the γuid part w e solv e for the large scales

only and the in teraction b et w een small scale and large scale is ignored at this time▷ Ho w ev er

this can b e extended to a Large Eddy Sim ulation with appropriate mo deling at the small scale

lev el▷

2▷2▷1 Using Damk⁀ ohlerφs h yp othesis

In Damk⁀ ohlerφs h yp othesis the mean chemical reaction rate is the same as in a laminar γame▷

This h yp othesis is probably more lik ely to b e v alid in cases where the activ ation energy is

relativ ely small ↼indicated b y a small Zeldo vic h n um b er β which measures the sensitivity of

the reaction rate to the temp erature↽▷ F rom Eq▷ ↼1↽ the c hange in burning v elo cit y is caused

b y a turbulent diαusivity whic h is caused b y the small scale γuid γo w▷ In ♭55 ♯ a Kolmogoro v

turbulence mo del is used to generate a functional relation b et w een D

Λ

/D and the eαectiv e

reaction la y er thic kness δ

Λ

.

S

Λ

L

S

L

/ p

X

2

Γ 2X ⇁ 2 , X / δ

Λ

L

k

2/3

↼20↽

where L

k is the Kolmogoro v length scale of the turbulen t γo w▷ If w e in terpret this relationship

b y taking L

k to b e the small length scale of γo w this relation will let us determine the mo diβed

lo cal burning v elo cit y from the lo cal reaction la y er thic kness▷ It is exp ected that the lo cal δ

Λ

w ould dep end on the lo cal small scale γo w structure▷ The results from P art 1 of this prop osal

will b e needed in this part of mo deling▷ A functional relationship δ

Λ

/ δ

Λ

↼u

0Λ

↽ seems reasonable

at this stage▷ T o obtain the lo cal u

0Λ

that con tains the small scale kinetic energy up to certain

giv en scale we use some ideas from largeeddy sim ulation ↼LES↽ where the eαect of the large

scales is directly computed and the small subgrid scales are mo deled▷ In this case w e prop ose

to use the Smagorinsky mo del ♭67♯

↼u

0Λ

↽

2

/ ρC

I

Δ

2

j μ

S j

2

, j μ

S j

2

/ 2S

i,j

S

i,j

, ↼21↽

where S

i,j is the large scale rate of strain tensor whic h can b e computed from the resolv ed large

scale γo w Δ is the βlter size that is prop ortional to the grid size and C

I is to b e determined

through mo deling▷ F or example the approac h dev elop ed in ♭11♯ can used▷

Giv en that information ab out the lo cal γame thic kness the mo diβed lo cal burning v elo cit y

is therefore used in the Gequation where the γo w is c hosen to ha v e a Kolmogorov energy

sp ectrum▷

2▷2▷2 Eαects of Mean Chemical Reaction Rate

In the case where the Zeldo vic h n um b er β >> 1 the reaction rate is highly sensitiv e to the

temp erature so it is not reasonable to exp ect that ω

Λ

/ ω

L

▷ In this case w e are mainly in terested

in ho w ω

Λ

aαects the lo cal burning v elo cit y S

Λ

L

▷ The approac h is to tak e S

Λ

L

/S

L as in Eq▷ ↼18↽

and use the functional dep endence of ω

Λ

/ω and D

Λ

/D on the small scale γo w structure obtained

from P art 1▷ Giv en detailed results from Part 1 of the prop osal w e will b e able to characterize

S

Λ

L

/S

L solely from the small scale γo w structure and a large scale mean γo w with the small

scale u

0Λ

from a similar Smagorinsky mo del▷ This part of w ork is exp ected to b e substan tially

more exp ensiv e▷

2▷3 Numerical Considerations

W e ha v e sev eral diαeren t co des to solv e the Gequation with secondorder up wind treatmen t

of b oth the adv ection terms and the nonlinear propagation term ♭50♯▷ A n umerical concern of

solutions to the Gequation is the b eha vior of G near the γame fron t represen ted b y G / 0▷

It is hop ed that the v alue of G at a p oin t giv es the distance to the fron t▷ The reinitialization

pro cedure w as in tro duced b y Sussman Smerek a and Osher ♭69♯ and there are also alternativ e

approac hes ♭63 79♯▷ W e plan to use the latter approac h here ↼Huygens principle γo wing↽▷ The

coupling with a p oten tially highly v arying S

Λ

L can in tro duce new phenomena suc h as additional

cusps and island formation▷ The robust nature of the Gequation is suitable for these situations▷

2▷4 Flo w Conβguration and Ob jectiv es

T o compare our approac h to this γame fron t propagation in γo ws with separate large and small

scales w e c ho ose the t yp e of γows similar to those used by Haw orth and Poinsot ♭33 ♯ as a

b enc hmark problem▷ This γo w conβguration w as also recen tly used b y Bourlioux Klein and

Moser ♭11♯▷ The problem in v olv es the propagation of a γame in a t w odimensional c hannel

and the initial γo w is giv en in terms of some v orticit y distribution with a prescrib ed turbulen t

sp ectrum▷ The γame is propagating from the left to the righ t and p erio dic b oundary conditions

are imp osed on the top and b ottom of the computational domain▷ W e prop ose to tak e sev eral

steps to couple the γo w to the γame propagation. ↼1↽ freeze an incompressible γo w generated

from some diαeren t v orticit y distributions by cho osing them randomly with some given energy

sp ectrum, ↼2↽ assume a constan t densit y mo del and solv e the Na vierStok es equations with an

initial v orticit y distribution indep enden tly, ↼3↽ solv e the lo wMac h n um b er system with a full

coupling b et w een the γame and the γuid γo w▷ In all of these stages the Gequation is solv ed with

the large scale γuid γo w and mo diβed S

Λ

L to generate S

T with ph ysical parameters comparable

to those in ♭33♯▷ Ev en tually a careful comparison of results with the DNS results in ♭33♯ will b e

made▷ If the results compare w ell with the DNS results it will pro v e the v alue of our approac h

since our approac h is m uc h less exp ensiv e than DNS calculations▷

3 Buo y ancy Eαects in F ron t Propagation in a HeleSha w Cell

It is w ell kno wn that buo y ancy aαects the propagation rates and shap es of premixed gas γames

and its eαects on γame propagation ha v e b een studied for man y y ears ♭20 41 ♯▷ An understanding

of these eαects is necessary to assess the hazards asso ciated with acciden tal βres and explosions

resulting from the leak age of gaseous fuels or liquid fuel v ap ors in to air or other o xidizing atmo

spheres▷ Ho w ev er a detailed understanding of this in teraction exists only for certain v ery simple

systems suc h as a rising γame in a cylindrical tub e ♭40♯▷ Also the in teraction b etw een w eakly

turbulen t γames and buo y an t γo w whic h is relev an t to many applications suc h as industrial

furnaces is not w ell understo o d▷

Among the reasons wh y there is a lac k of understanding of buo y ancy eαects on γame propa

gation are ↼1↽ the large densit y ratio across the γame fron t ↼7 for a t ypical gaseous γame↽ whic h

greatly complicates the γame◁γo w in teraction ♭70♯, and ↼2↽ the γuid prop ert y diαerences across

the fron t whic h lead to large c hanges in the Reynolds and Grashof n um b ers▷

T o minimize the complicating inγuences of large thermal expansion heat losses and curv a

ture◁strain inγuences Prof▷ P aul Ronney at the Univ ersit y of Southern California has conducted

a series of exp erimen ts ♭65 31 57♯ that emplo y aqueous auto catalytic c hemical reactions that

pro duce propagating c hemical fron ts whic h are analogous to premixed gas γame fron ts▷ These

fron ts ha v e v ery lo w densit y c hanges ↼t ypically 0▷03ϱ↽ whic h greatly simpliβes n umerical sim

ulations b ecause the Boussinesq appro ximation can b e used in the Na vierStok es equations▷ In

particular with aqueous fron ts the γo w βeld is div ergencefree and baro clinicit y can b e neglected▷

Another adv an tage of the aqueous fron ts is that the temp erature c hange across the fron t is v ery

small ↼t ypically 1 o

K↽ and th us the transp ort prop erties are nearly unc hanged across the fron t▷

Consequen tly aqueous c hemical fron ts are ideal for sim ulation of buo yancy eαects on premixed

γame propagation▷

The HeleSha w γo w o ccurs in the gap b et w een t w o parallel γat plates whose spacing is

m uc h less than the dimensions of the plates themselv es▷ Here the Reynolds n um b er of the γo w

b et w een the plates is w ell b elo w the v alue for transition to turbulence▷ It is one of v ery few

in teresting threedimensional γo ws that can b e reduced to a lo w er dimensional problem through

a v eraging the v elo cit y and pressure o v er the third dimension▷ The γo w itself exhibits a ric h set of

phenomena▷ F or example when a lessviscous γuid is forced in to a moreviscous immiscible γuid

the in terface b et w een the t w o γuids ma y exhibit βngering ♭60♯▷ This βngering ma y also o ccur

without imp osed γo w if the plates are orien ted v ertically and the lessdense γuid is underneath

the moredense γuid so that buo y ancygenerated γo w ma y o ccur▷

In a test case of the exp erimen ts of Ronney ♭58♯ an apparatus ha ving dimensions 20 cm Θ

20 cm Θ 0▷1 cm w as constructed and a fron t w as initiated near the b ottom cen ter of the cell▷

A rising fron t w as observ ed ↼as exp ected↽ and exhibited pronounced wrinkling or ♮βngeringε

↼Figure 2↽▷ This βngering w as unexp ected b ecause the viscosit y diαerence b et w een the reactan ts

and pro ducts is v ery small ↼ab out 5ϱ↽ and the in terface b et w een the pro ducts and reactan ts

has v ery little if an y surface tension ↼since the solutions are dilute and miscible↽▷ Th us it is

unclear what mec hanism leads to the w a v elength selection observ ed exp erimen tally ▷ When the

en tire cell is turned horizon tally no βngering is observ ed and the fron t remains stable▷ Th us

the ob jectiv e of this prop osed n umerical study is to understand the mec hanism resp onsible for

this βngering▷ Of particular in terest is the mec hanism that selects the w a v elength of the βngers▷

An understanding of this βngering is relev an t to mo deling of practical buoy ancydriven γames

b ecause the βngering aαects the surface area of the fron t and th us its propagation rate▷ This

in turn will aαect for example whether the fron t will undergo a transition from deγagration to

detonation▷

3▷1 Existing Mo dels and Numerical Approac hes

First of all w e describ e the γame propagation mo del w e prop ose to use▷ As discussed ab o v e in

man y cases the aqueous c hemical fron ts are v ery thin relativ e to the γo w scales and the fron t

propagation is considered in the γamelet regime▷ In this case the fron t can b e represen ted b y

a surface of discon tin uit y whic h is con v ected b y the γo w βeld and propagates in the normal

direction with a prescrib ed burning v elo cit y ▷ This fron t can b e describ ed b y a collection of

mark ers or b y a lev el set of a scalar βeld▷ In the latter case the scalar βeld G is go v erned b y

the Gequation ↼19↽ sho wn in P art 2 of this prop osal▷

The burning v elo cit y S is tak en to b e dep enden t on the γame stretc h κ whic h is a com bina

tion of the γuid v elo cit y strain rate and the mean curv ature of the fron t ♭70♯ and for w eak γame

stretc h it is giv en b y

S ↼κ↽ / S

L

↼1 Γ bκ ⇁ Δ Δ Δ↽ π S

L e

Γbκ

. ↼22↽

Here S

L is the laminar burning v elo cit y for unstretc hed fron ts b is a co eδcien t sometimes called

the Markstein n um b er determined from analysis of the laminar γame structure▷

In the exp erimen t the γuid temp erature exp eriences an increase righ t after the reaction tak es

place▷ The densit y therefore drops according to the equation of state▷ Ho w ev er the presense of

the w alls in the cell implies that the higher temp erature cannot b e sustained due to the heat loss

to the w alls and therefore the densit y will return to the original v alue for the reactan t▷ This

heat loss eαect is exp ected to mo dify the fron t instabilit y mec hanism according to the stabilit y

analysis of Joulin and Siv ashinsky ♭35 ♯▷ In the following we describ e our w ork ♭77♯ on the case

that ignores the heat loss eαect and then in Section 3▷2 w e prop ose an approac h to the case

with heat loss eαect▷

The basic assumption in mo deling the HeleSha w γo w is that the v elo cit y is ev erywhere

parallel to the plates and its span wise distribution is parab olic▷ In this case Darcyφs la w is often

used to describ e the γo w βeld rather than the more complicated threedimensional Na vierStok es

equations▷ It has the form

u / Γ w

2

12μ r↼p ⇁ ρy g ↽, ↼23↽

and the t w odimensional γo w is still incompressible▷ Here w is the gap width y is the up w ard

co ordinate g is the gra vitational constan t and b oth the viscosit y μ and the densit y ρ can ha v e

diαeren t constan t v alues in b oth the pro duct and reactan t regions▷

Across the c hemical fron t whic h is denoted b y Γ↼ t↽ certain jump conditions are required▷

By taking the div ergence of Eq▷ ↼23↽ w e kno w that the pressure satisβes the Laplace equation

in b oth regions▷ W e imp ose the jump conditions

♭p♯ / 0, ♭

∂ p

∂ n

♯ / g Δρ cos θ , x 2 Γ, ↼24↽

where θ is the tangen t angle of the fron t at a p oin t on Γ▷ The βrst condition is based on the

LaplaceY oung condition and the assumption that there is no surface tension eαect▷ The second

condition is deriv ed from the assumption that the normal γuid v elo cit y is con tin uous across

the fron t▷ W e see that this jump is prop ortional to the densit y diαerence Δρ whic h is due to

buo y ancy eαect▷

Boundary in tegral form ulations are v ery p o w erful in dealing with HeleSha w problems ♭24

22 34♯▷ In this case there is a v ery simple represen tation▷ If w e consider the γo w in an inβnite

Z

κ

Z λ

Z space w e can represen t the pressure in terms of the fron t Γ via a single la y er p oten tial ♭30♯ with

the addition of a h ydrostatic term.

p↼x↽ /

Δ ρg

2π

Γ log jx Γ y j cos θ ↼y ↽dS

y

Γ ρ

1 g y , ↼25↽

The γuid v elo cit y a w a y from the fron t can b e obtained b y taking the gradien t of the pressure▷

A t p oin t x on the fron t the lo cal normal γuid v elo cit y is

u

n

/ u Δ n / Γ w

2

g Δ ρ

12μ

1

2π

Γ

∂

∂ n

x log jx Γ y j cos θ ↼y ↽dS

y

⇁

1

2 cos θ ↼x↽ ↼26↽

The com bined normal v elo cit y of the fron t is therefore u

n

⇁ S ▷ T o consider the eαect of the

b ounded region w e can add an additional p oten tial γo w to correct the normal v elo cit y on the

b oundary of the cell▷

The n umerical diδcult y with this mo del is that the βngering is a ph ysically unstable pro cess▷

In this case w e c ho ose to use the θ Γ L form ulation ♭37 34♯ to describ e the front b ecause of

the adv an tages it oαers in the forms of the ev olution equations▷ In this form ulation the tangen t

angle ↼θ ↽ and the total arclength ↼ L↽ of the fron t are trac k ed and the time ev olutions are go v erned

b y

θ

t

/

2 π

L

↼V

α

⇁ θ

α

U ↽ ↼27↽

L

t

/ Γ

2π

0 θ

α

V dα. ↼28↽

Here α b et w een 0 and 2π is a parameter for the front V is the normal velo city and U is a

sp ecially c hosen tangen tial v elo cit y ↼whic h do es not aαect the fron t ev olution↽ that main tains

the equal arclength prop ert y of the fron t discretization▷ The adv an tage of this form is the b etter

n umerical stabilit y ac hiev ed whic h is v ery imp ortan t to this problem where small p erturbation

to the fron t can gro w in time▷

In Figure 3 w e sho w the calculated fron ts that originate from a p erturb ed circle▷ W e clearly

see that some βngers ha v e formed resem bling those observ ed in the exp erimen ts of Ronney ♭58♯▷

W e ha v e found that the w a v elength of the βngers is determined b y the amoun t of curv ature

dep endence ↼b↽ of the burning v elo cit y ▷ W e also note that the βngers disapp ear when S

L is large

enough▷ More detailed results are giv en in ♭77♯▷

3▷2 Prop osed W ork to Include Heat Loss Eαects

The θ Γ L form ulation is v ery accurate for in terface dynamics and excels in dealing with ev olving

fron ts connected with curv ature eαects▷ Ho w ev er a ma jor dra wbac k is that top ological c hanges

of the fron t are diδcult to handle▷ Nev ertheless the previous w ork pro vides us with a v ery

reliable understanding of the early stage of the βngering phenomenon▷ Next w e prop ose to use

the Gequation for the fron t dynamics where merging and splitting of fron ts are easily dealt

with▷ In our previous w ork ♭74 75♯ the Gequation w as emplo y ed in sev eral premixed γame

propagation problems▷ In the Gequation a γuid v elo cit y βeld for the whole domain is required

and it is naturally a v ailable from the single la y er p oten tial ab o v e▷

T o include the heat loss eαect w e need to study the transien t asp ect of the system▷ W e

prop ose to study n umerically the Boussinesq appro ximation to the EulerDarcy equations

∂ u

∂ t

⇁ u Δ ru / Γrp Γ f u ⇁ β g ↼T Γ T

u

↽ ↼29↽

∂ T

∂ t

⇁ u Δ rT / Γh↼T Γ T

u

↽, ↼30↽

with the v elo cit y satisfying r Δ u / 0▷ Here T is the temp erature and T

u is the temp erature

of the w alls β is the thermal expansion co eδcien t f / 12 μ/w

2

is the friction co eδcien t and

g is the gra vit y ▷ The linear stability of a γat fron t w as studied by Joulin and Siv ashinsky ♭35 ♯

using the EulerDarcyφs equations▷ Here w e prop ose sev eral steps to approac h these equations

com bined with the Gequation formulation to solv e for the ev olution of any arbitrary initial

fron t▷

First w e can ignore the transien t eαects of the momen tum equation and the pressure satisβes

r

2

p / β g Δ rT . ↼31↽

W e note that T has a jump at the fron t and then deca ys smo othly to T

u due to the heat

loss▷ Ph ysically w e can imagine that there is a singular line source along the fron t and a la yer of

smo oth source distribution b ehind the fron t▷ Since this equation is linear we can split it in to t wo

P oissonφs equations▷ The solution to the βrst one is again giv en b y the single la y er p oten tial

while the second one can b e solv ed b y a βnite diαerence solv er▷ Ho w ev er since the source

distribution is supp orted on a curv ed region whic h ma y b e narro w compared to the b o x size of

the problem a highresolution elliptic solv er is required▷ F or this purp ose w e prop ose to use

the immersed in terface metho d dev elop ed b y LeV eque and Li ♭39♯ in this pro ject▷ This metho d

is designed to represen t curv ed b oundaries where the sources ma y b e con tained accurately and

is esp ecially helpful in our problem where βngers are dev eloping▷ The geometry of the la yer is

obtained b y solving the Gequation using secondorder up wind appro ximations▷ T o up date the

temp erature w e solv e Eq▷ ↼30↽ with a secondorder implicit βnitediαerence metho d since the

co eδcien t h can b e large and the system is therefore quite stiα▷

W e exp ect to understand t w o asp ects of the phenomenon from the ab o ve prop osed work. the

mo diβcation eαects of the βngering due to the heat loss and the mec hanism for the w a v elength

selection of the βngers▷ The heat loss co eδcien t is exp ected to pla y an imp ortan t role▷ A

p oten tial practical application of this is to use the βnger w a v elength observ ed to estimate the

γuid prop erties▷

A t the next stage we prop ose to consider the transien t eαect we neglected in the βrst step▷

In this case the γo w βeld has an ev olution b y itself and w e prop ose to extend the pro jection

metho d men tioned in P art 1 to deal with this case▷ This will lead to an elliptic equation similar

to the one discussed ab o v e and the elliptic solv er dev elop ed in the βrst stage will b e used again▷

It should b e men tioned that w e are not a w are of any transient eαect of the momen tum equation

discussed in the literature and it is probably a w orth while eαort▷

The arra y sizes whic h arise in this problem are similar to those in P art 1▷ Ho w ev er the

nature of the βngering dev elopmen t ma y require m uc h higher resolution▷ Another asp ect that

requires additional resolution is that the thic kness of the heat loss la y er can b e very small when

the co eδcien t h b ecomes large▷ This is an imp ortan t regime in the parameter space that w e

w an t to explore▷

References

♭1♯ Ab delGa y ed R▷G▷ and Bradley D▷ ↼1985↽▷ Combust▷ Flame 62 61

♭2♯ Almgren A▷ Bell J▷ and Szymczak W▷ ↼1996↽▷ A Numerical Metho d for the Incompressible

Na vierStok es Equations Based on an Appro ximate Pro jection SIAM J▷ Sci▷ Comput▷ 17▷

358▷

♭3♯ Anand M▷S▷ and P op e S▷B▷ ↼1987↽▷ Combust▷ Flame 67 127▷

♭4♯ Ash urst W▷ T▷ and Barr P ▷K▷ ↼1983↽▷ Combust▷ Sci▷ T e ch▷ 34▷ 227▷

♭5♯ Ash urst W▷ T▷ and Siv ashinsky G▷ I▷ ↼1991↽▷ On Flame Propagation Through P erio dic

Flo w Fields Combust▷ Sci▷ T e ch▷ 80 159164▷

♭6♯ Ash urst W▷ T▷ ↼1993↽▷ Combust▷ Sci▷ T e ch▷ 92▷ 87▷

♭7♯ Ash urst W▷ T▷ ↼1994↽▷ Mo deling T urbulent Flame Propagation TwentyFifth Symp osium

↼International↽ on Combustion Com bustion Institute▷

♭8♯ Av ellaneda M▷ and Ma jda A▷ ↼1991↽▷ An in tegral represen tation and b ounds on the eαec

tiv e diαusivit y in passiv e adv ection b y laminar and turbulen t γo ws Commun▷ Math▷ Phys ▷

138 339391▷

♭9♯ Baum M▷ Poinsot T▷ Ha w orth D▷ and Darahiba N▷ ↼1994↽▷ Direct Numerical Sim ulation

of H2◁O2◁N2 Flames with Complex Chemistry in Tw odimensional T urbulen t Flo ws J▷

Fluid Me ch▷ 281▷ 1▷

♭10♯ Bell J▷ B▷ Colella P ▷ and Glaz H▷ ↼1989↽▷ A secondorder pro jection metho d for the

incompressible Na vierStok es equations J▷ Comp▷ Phys▷ 85 257▷

♭11♯ Bourlioux A▷ Klein R▷ and Moser V▷ ↼1996↽▷ A dynamic subgrid scale mo del for turbulen t

premixed γames▷ pr eprint▷

♭12♯ Bradley D▷ ↼1992↽▷ TwentyF ourth Symp osium ↼International↽ on Combustion Com bustion

Institute 247▷

♭13♯ Buc kmaster J▷D▷ ↼1979↽▷ A cta Astr onaut▷ 6▷ 741▷

♭14♯ Careta A▷ Sagues F▷ and Sanc ho J▷M▷ ↼1994↽▷ Diαusion of passiv e scalars under stochastic

con v ection Phys▷ Fluids 6 349▷

♭15♯ Chorin A▷ J▷ ↼1968↽▷ Numerical Solution of the Na vierStok es Equations Math▷ Comp▷ 22

745▷

♭16♯ Cla vin P ▷ and Williams F▷A▷ ↼1979↽▷ Theory of premixedγame propagation in largescale

turbulence J▷ Fluid Me ch▷ 90 589604▷

♭17♯ Cla vin P ▷ and Li ⃗ nan A▷ ↼1983↽▷ Theory of gaseous com bustion NA TO ASI Ser▷ B 116▷

291▷

♭18♯ Cla vin P ▷ ↼1994↽▷ Premixed Com bustion and Gasdynamics Annu▷ R ev▷ Fluid Me ch▷ 26

321352▷

16

♭74♯ Zh u J▷ and Sethian J▷ ↼1992↽▷ Pro jection Metho ds Coupled to Lev el Set In terface T ec h

niques▷ J▷ Comp▷ Phys▷ 102 128▷

♭75♯ Zh u J▷ and Ronney P ▷ ↼1994↽▷ Sim ulation of F ron t Propagation at Large Nondimensional

Flo w Disturbance In tensities Combust▷ Sci▷ T e ch▷ 100 183▷

♭76♯ Zh u J▷ ↼1995↽▷ The secondorder pro jection metho d for the bac kw ardfacing step γo w▷ J▷

Comput▷ Phys▷ 117 318331▷

♭77♯ Zh u J▷ ↼1996↽ Chemical F ron t Propagation in the HeleSha w Flo w under Buo y ancy Eαects

Submitted to Physics of Fluid

♭78♯ Zh u J▷ and Xin J▷ ↼1996↽ A Numerical Study of Propagating F ron ts in a Reactiv e Boussi

nesq Flo w System Submitted to Nonline arity

♭79♯ Zh u J▷ and Sethian J▷A▷ ↼1996↽▷ T rac king t w ophase γo w problems in t w o and three di

mensions In preparation▷

20