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Alntoict— [ the present sludy

e twiual efliect s betwedn thin flame Kinetics and Auigd mechenics have been slodled

for a surfnm'cnfoint ftow with boundory layer approximations,
Bets of

Tha e uid mechaales on (ba Aavwe

riie Kaye been Mudied wilh thive modets (4) Blasiug Row rogdal

{or Loe” lEepmzinhtinni. {b) Falkner-Skan model and (c) ‘Exact’ model. Ttisshown that Blasius flow madel over-

sstbmates o

model and *Exact’ madel overestimawe and underostimare,
(~30-30%}. 1L, bomever, shawn by béristic arguments

flame pasition by a karge amount (much lrger than 302 over mose of (ha range), The Falkoer-Skan
'::2‘. the flame position by roughly sqoal amounts
that predi

ttios of fime position Wil be moee accurase

provided actual Lewis number values (0.5-0.7) are weed with the exact model. The fuel aad product conoenitations

an the wall are wnder. and overeacdlmated respecaivedy by i Falkrier-Skan model
ke for 2 realisbc case {with temperture eoflies dus to (he quperiments of Tsu)l and

Finally, the vebovity
Yamaoka} has been compuied and presented.

NOTATION

@ = Stagnation wvelogity gradient (du,fdy, |f
$8C.)
£ = Constant defined in the equation {15)
BF = Blasius flow model
€ = puf(pp).
¢, = Constant pressurs.specific heat
E = Exact model for Avid mechanics
5 = Falkner-Skan modal
k =0 for wo-dimengional flows =nd 1 for
axigymmetric Sows
Hm qu?l of combustion of the fuel (calfgm of
i
g4 ™ Heat transferred into the wall
at; = Mase concentration of species f
r = Stoichiometric ratio
T = Temperauure (*K)
£ = Ozidant concentration at infimity
p = Deosity
n = [pdependent co-ordinate
= Viscosity
X< = Variable defined by equalion {14)
Subscripts
— = Fuol side of the wall
w = Walt condition
A = Non-dinwensional quantity
v = Fpec slream
i== 1, fuel; 2, Oxidant; 3, Product

Suptrseripts
¢ = Flame position
' @ Diffcrentiation with respect to 4.

red 19 the "Expoy” values,

1.0 INTRODUCTION

Studies in fluid mechanics incleding chemical
kinetics peoeratly attempt at or turn out inta &
reduction in which the effects of kinetics oe the
Buid mechenics ace nat considered. Though such 3
situation can be traged to (he simplifyiog conse-
quences when the coupling (between chemical
kineties and fuid mechanics) is omitted, it contin-
ues o be in vogue; this is partly because the ptim-
ary phenomenon which is more due to chemical
kinctics {for e.g. extinction of flames) is thought
(o be not much affexted by Auid mechanics. Also,
i some situations the Suid machanics i3 po( much
affected by chermical kinelics, A study in favour
of the last steteroent is that of Less (1956), whersin
the stagnation point heat (ransfer problem i a
hypertonic boundery layer is studied. In this
study, Lees showed explicitly that the pressure
gradient terms sre almost always small compared
to other terms aud hence they are dropped;
along with these terms disappears the coupling be-
tween the chemical kinetics and Auid mechanics.
Thus the fluld mechanks (momentum equation)
remains unaffected by chemical kinetica (species
conservation equationg) whereas the latter is
affectad by the former. In the present work, a
sitation of slagnation point boundary layer
wherein the pressure gradient terms become pre-
dominant will be ¢considered. Some studics an the
effect of fluid mechanics on chemical kinetics
(hike the effeol on extinction conditions) wag mads
carlier by Jain apd Mukunda (1968) and Mukunda
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(1968). In Lhe earlicr work. comparisons of lhe
three models numely {a) pmeatial Aow. {b) Fafkner-
Skan flow amd {c) Lees’ approximation {or Blusius
flow) were made with regard to eatinglion ¢ondi.
tions. It wits shown ¢hat all 1hie three modets ue
fairly arvuraie in obuining Lthe eatinelion velocities.
However. the earliec sludy is incomplete 30 the
extent that comparisans with the "Exacl’ model
were not made. 1 the present wurk, we consider
three moddels pamely [a) Lees' approximation
1ot Blasius Row, BF}, (b) Fulkner-Shan fiow (£-3)
and ¢¢) *Autoal coupled set of equittions’ which has
heen termed *Exact'in 1he sense thot Huid mechinics
is desceibed accurately  Sn far us Lhe chemical
kinetic parl s coneerned. the thn-flwone approxi-
mation or Burke-Schamann Kinettes 15 nvoked
This is thought to be suffivieat for considering Lhe
interactivn beaween chemical hincties amwd  fluid
mechanics a5 the fimie kingties alters the Lthin-Hame
only 10 the ordes DV (B, = lHes1 Damkahter
number ~ 10 o man in the near eyuilibrivm
regime {we ure studying any way an equilibnuem
flow). With this approsimation, we lose Lhe n-
formation <n ektinciion phenomenun which i
essenliatly due to fmite hirgnics. Since an carler
studs { £96%) has alrcady considered sich a problem,
though. in 3 rericted sense (as slated abowel,
we limi1 purselyes te thin-flumes hinclics.

The voverning gquations of momenium and
cupserved property are inleeriled ta obluin velocity,
temperatnee  and conserved  property  prohiles.
The thinflume position as oblasned by the hree
madels sare comparesd wilh the ¢xperimental results
of Tsuji and Yamaoka LI967). The convenreation
profiles for the £-5 approsimatian are campared
wilh those of *Exuet’.

10 FORMULATION

The gevmeley brder considerition is 2 alagnation
point flow in which air Bows past a body through the
pores of which, a gaseous fuel is injecied ut a spec-
ilic tate. Under ¢etrain conditions, @ Aame is
cstublished near the stagnation point when wgaitiun
is effected. The principut ussumptions under which
the stody is performed are that

(u} Reaysion is sinple step

{b) Thin-flame approximution {or Burke-Schu-
mann kinetics) 18 invoked

i) Mokcular weiphls and constant  pressuré
apeeific heals of all the spocies dre same

{2} Prands] ¢Pr} und Schmidt (Sc) numbers arc
euch ¢yual to unity

) €= (paehidppel, = |
{f) Fouriec's law of hear conducleon and Fwk's
law of diffusion are valid

ILis believed thin the principal conclusions acrived
4t in this paper would nol be #lTected seriously by
the above assunmprions.

21 GOVERNING EQUATIONS

The momentum. conserved propecty. enthalpy
and fuel canservalion eguntions wan be waieien
down for i $tagnarien point boundary luver with
the thin-flame approsimation s (hees. 19567
Makumla, 1968]).
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along with the condetions i 1he thin-Aame front
wiven by rMukundy, E968: Tsuji and Yamaaka,
1964
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In the abave sel of equalions. sn cquation
terms of & lits been acbitrarily introduced in arder
to agilitate 1he study. 1 has been so delined thie
¢a} il has o range from zero 10 unity und rb} the
hincticlenthalpy equations when transforned using
£ #s he independent variable énstead of j. have &
simpler form (the first detivative tenus ure absent),
It 35 culled 2 ¢onserved properly vayieble since is
goserning equation does not have 4 source term.
The enthalpy 4 is defined by

ﬁ—-'l"+'—‘—' g 8
=r, z—zfﬂ;. (N3
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where 4 = heat of formation of ' specics.
I the eguations ta follow, the kenetic engrgy term
ia neglected as il i small compared 1o chemival
enthatpy terms. o

If we inyoke 1he baundary Joyer approxination
gpicv = 0. the term {p,/p) can be replaced by
1T, =T, With this, the maumentam cquoation
bevames,

A NI

1 " 2
T~ =0 (a)
Ik + !bl 1
2.2 BQLINDARY CONDITIONS

The boundary vonditions for the problem n the
dimensionless form ave (Mukpada 196R).

=0 Fel. fai, _f'=U. =,

dm dm, .
d—;=rlr[”ll_ l’l F - ey, =2~ i (g'
y=a; Fxulb =1, b=k, pa=,

My =y =0 {10}

The boundary conditions {or rr; a1 4 = [ deseribe
the convective-diltusive butunce at 1he wall; the
other boundary conditions are the usual oncs snd
are self-evident.

3.0 SOLUTIONS

The solutions far the enthalpy and kinctic cqua-
tions (3) cun be oblainéd using 1he conditions (4 7)
snd Lhe boundary conditions (¢) and (10} and they

are
my =0
e =5 — x 8 + rIF % x)
g = lr + DyFitt + 1.0
T.=1+ (%=1 & Blrg,# = DI(l % x NF
O Fx F (n
anc = 21 + P + 6,0 = dir
nrp =40
oy = flr + D — z, Fitl < 2 ))fr
Ta=T o+l +8-T Ml —F)

FreFt (12

F&om i+ p WAl + '] (13a}

Tt _{I +8](Xr—|'”r) +ﬂ‘l +zrlru_glrr [‘Sb]
" Ll + pirn

where
Zu =ftﬁl‘f'(0‘fw] “4J

8 = Hii(re, T ) (1%)

For must puses under reasanible lovels of iajection
(V0 ~ 0.1 —0.3). lemperture 7, vanes in
Lthe boundary layer by a Jarge umount (ol the order
aof 1-6). Due to 1his fact, il is nareasonable (o
expeys the nressure gradient terms (0 berome in-
sigmlicunt as was the vase with lees {1936).
Hence we have now 10 integrale a coupled set of
equaliuns {lap and (2] using the temperature pros
liles ws giver hy (11 and (12). The xheme of
solution Jor & given tuel will be

To hx a valee of £,

To assume a value of 2,

Ta ablain £* vsing eguition (13a)

To obtewn 7, profiles from equutions guven in

(11)and {12)

. Ta integraie equatinns (1a) and {2} (0 satisly
boundary conditiens given tn (3) and {10) or
f"and F and in this event delersaining £°(0)
and £7(0)

6. Tofind y, = fI#'(0.£,)

7. To eepeat the operatians (36} 1ill satisfactory

convergence is ohtaimnel

R. To obsain #* (rom the converged £ vs. ¥

profiles by Iocating the value of 4 correspond-

ing Lo ff = 2

Ealbadi s e

hral

The fifth order sci of ¢quations was inegrated
using Runge-Kuta-Gill provedure and 8 double
iteration scheme to determine f*{0) and F{0). The
double weratwon stheme idvolved the lollowing
procedure.  For a fixed f, and assumed F'{0),
the value of f°(0) was itcraied upon o satisly

S'ies) = | using 1he bisgelion (echnique [irrespece

tive of what happens 1o I{=)). Later, £(0) would
bz jterated upon to sutisfy Fioc) s 0, using, agatn,
the basection teehnique, 1t may specifically be noted
that the vse of thin-Aame T, profkilc in the momen.
tum equation caused no vonverpenve difficalties;
parlly the reiason is that the 7, profite is continuous
ithough it possesses o pradicnt discontinuity).
Convergence would be obfained in abow 3 x 11
werstions [Ihe first number indicates the nember
ol iteratians on %, and the second aamber, the
number of iteravions on "0} ond F'40)] upte
mjection rates of about f, = 0.5. Beyond this
range the number of stgrations on {0 and F'(0)
would increase anywhere uplo 25,
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TABLE 1
i = £ 2
k=0 d&x=h P k=0 t =0 i
—fu Mt ¥FSs E g o8 £ BF Iy i
03 03w 142 1.£20 0.370 0.4950 0,44 0.66 hads 0.363
DR} 0123 1.050 L& 0.323 0.30% 0.536 110 AT 0.559
D4 0.276 1.01R 1.540 0.2% P30 0.489 197 1,185 Dne?
D.5 0.2 Q.90 1.380 0.2 Q.25 .43 x40 1.6HO 1.140
n.e 191 0922 137% n.tel 0251 0.0 X 2400 1.538
n.? (H] 0.880 1.26% 0,81 n.aem .34 14.34 jAat 2041
0.4 ORI G838 L1165 ange 01T G X8 5970 4.560 252

BF = Dlasiuy, F 5= Falkiuer-Skon, ¢ = Exact, 7, = 7, = 30¢ K

17 RESULTS AND DISCUSSION

The calculations wee performed using the fol-
towing data:

Fuel = Propune, # = 10 Kcaljpm of fuel.
re 363 J4=0232 ¥ =T.= 30K,
¢n = 032 coligny K, Nitrogen s Iceated s inert

The resules ace shown n Tisbles 1 111 and Figures
4.

u) Skin fricrion

Tahie [ hus been constracted fromihe calealations
mude in this peper and using 1he tables of Emmons
and Leigh (1953). The mesults of £ 8 (k=M
have been parily repuricd by Tsuji and Yumaoka
(1966), Examtnation of Table | reveals (hat at
each injection rie the vatue of £710)is muoch Jarger
wilh flame than withoul, The skin frctional force
which ts propottional to €, x p0), T, = Lpp), |
(pp} .. 35 seen (o be lirges with Aame Lthen wilhout
because .= 1 here, Howewer, this cannot be
asserted in genecak, since, S () wowld in fact depend
en the € profile 10 be used in Lhe nowentum
cquation, tigure 1 shows the velavity and Lemper-
awure profiles for it paricular injection rate. e
uppears 1hat the vekocily inside 1he houndary layer
exceeds Lhik of £n:c stream by as enuch as 35%,.
This is certainly powsible nince the large decrease in
density by as much as one sixth mose cefiect 1 o
considesable increase in velocily, bu fact this in-
croust in veloity Deyand the free strcam velocily
well inside 1he boundaty laver is responsible for

TABLE [

20

schmlde N, (3¢) €.
2 35 1.97¢

5 1.0
R, = —0 %) M 2N

i
LMD 2

-l

the increased skin Frwction values, Sreaidar resulis
hiave teen omained by Liv and Libby (19711,

by Reglisii: ease

In order 10 compuie 1he velocity prafile for a
reulistic case. the temperuturce proble 7, (nk was
wken from the experimental plots of Tsuji und
Yamawoki [1967) and wsed 0 the egracion

it R Tag = %=1 (Lo}

This equation was integraled with the boundacy
conditions (9) and | 10) by using Llechnigues simplcr
than thosc used in Ihe garlier chse [as this is a single
third ordec nondinear differential eguation with
only ome unknawen, £7¢01]. The eesulting velocily
and temperalure profiles are shawn in Figore 2.
The velocity overshaot inside the boundary layer
w«ems o be of the order of 307, 1t uppears
worthwhile to measure velocily profiles and comes
pare them wirli che abave calvulutions.

o} Hear iransfer
The heat ransfee inco Lhe wall »s given by Chung
1965).
i [Pk

= 3 E).- + Lot p_,ztm;h, — o i), 1T

wherg g, = heat transferced into the wall, and
conditions with subsgript ‘7 indicate hal these
arc cvaluated on the feel xide of (he wall.

TABLE 11

—4 82 04 06 OB

. BF 660 105 TS A3
LR F-5  BAY RS0 IO BN
(f.=N1 |E 2 & &% L0
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FIG. I. Plor ol velovity, vonxceved peoperty nnd
femperanire profiles with » far slapaainn poinr
N,

If we rewrire tie above expression in dimensiqn-
less form lor Prondtl and Schmide nuembers equal
10 unity, we et

s ; 2
2 - m =T, 401+ Bl —F0
v, utk 4 1)

(L8)

Thas for & fixed fuel. wall and free stream condi-
tiwons, the heat transfereed into the wall is propor-
tional to F{0). The errors in the estimation of
heat transfer rale will likewise be praportional 1o
errors in Lhe estimation of £7(6), Il we now use
the results presenfed in Table |, we can conclude

e

mihh .
1 L] 0 1 29 su

FIG, 2. Velogity and rature profile for cle
experimeatal sitlation of Rel. 4
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FIG 3. Variation of flwne pisiton a3nd seiznailon
plufic with ingction mie

thal the heat rensfer estimates us obtuined by
Lees” and Falknes-Skan approximations will be
roughty 60 and 30-907;, less compured (o
‘Fxact’ values,

dy Thin-flame posirien

Figure 3 shows v compurisor of the Lthin-flame
pusition and stagnation plane position as given
by the theee inodels. Also the experimentul results
of Tsuji and Yamaoka {19%67). hawe been ploited
on the figure. It may he abserved tha the Fees
approximaton (84) overestimates the flume posi-
tiont by a large amount. The Falkner-Skan (F-S$)
vilues overestimate and “Exact’ values under.
eslimate by roughly the sume amount (about

= - ELPRT ¥ !
o3 —— Twimnrnica |
" i QIR 50 v
\ : -~ l- 1
= l"’ L 3 'II
X i ",. ! - —
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o2 \ yrnppuee b, | 4< w -
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'.;'.

FLG. 4. Cancentracion  peptiles  with  1hindlume
spproximution.
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13--20%). Qualitatively the inclusion of tempera-
ture effects in the mumenium €quation cems
correet the predictions in the right directoon, though
1he cartection happens 1a be [arger than necessury.
Thesc are perhaps sokly duc 1o € 5 ) and S¢ # |
in the ectual case. Computations of the thin-flame
position for the wall jeu wath various Schmidt
numbers and lhe potential flow approximation
Jead 1o resufts us below. Lees (1958). estimates
1he value of Schmidl number 10 vary berween 0.3
0 0.7 lor momsanolecele mixtares where rthe light
gas componeni is not large in flows of the Kind
we are considering. The expenmental sludy of
Tsuji aond Yamacka (1969) an the coreentrations
of various species {except the unslable spenics like
ajams H, O, ete)) seems to belong Lo the case where
the light gas component is hot kurpe, Erosuch a
case the correcttons due to change n Schmedt
rumber will be in he right direction and Quite
possibly of the right magnstude {us may be inferred
fram the Toble [F).

e) Concentration profiles

Frgure 4 shows the concentrition profiles for the
£-3 and 'Exact” models. One signiticant observa-
tion 1§ that the valees of fuel and product voncens
tration et end near the wall are averestimated and
underestimamd (respeciively) by the £F-5 approxi.
matioo when compared to 1he "Exact’ model
These are essentially becuuse the value of 2. s
overestimated by the 7~ § model compared ta 1he
exucl model (S¢¢ Table 1), Fucther, due 10 this
owerestimation of y,,, the maximum flame tempera-
tures are @lso overestimared by the £S5 model:
the overcstimation of the maximum flame temper-
alure being of the order of 2-3% by Lthe F-§
model and 6% by the 8F madel. as¢an b seen fruim
Table . Thus the muximum fume temperature
seems [ be Jiclle alfected by the hind of fluid
mechanical approximalions,

5.0 CONCLUSIONS

The stagnation paint boundary layer with chemi-
cul reacttons in 0 subsonic envicanment hag been
considered, The effects of the three fQuid mechuni-
cal madels. Blasius (8F) or Lees' approximation.
I'alkner-Skan | F-5)and Exact {£) on various lame
chunclerislics have been studied.

Some findings are:

I. The maximupm thin-Bame temperaturea arg
estimuted 1o within 6% by both the models &4
and £-S when compared with *Exact’.

2. The heal fransfer races into the wall are larpely

underestimated (by as much as 30-60"7) by
both the madels when comparéd with “Exuct”.

3. The thin.flame position is predicied with Jarge
errors by the 82 moedet, However, the evoes
in the overcstimation of fiame position by the
# 5§ model seems ot 1o he large.  With
Schmidl number eyuul to unily the Exawl
muodel undesestimates the thin-Hame position.
Funther. with <onsideration of Sc € |,
Lhete is a possibility of rood estimation of the
rthin-Aame pasition by rhe Fxact moded.

4, The fuel and prodwl concentration profiles
are under and overestimated [respeclively)
by buth the approsimitions when compared
with the 'Exact’ one,

It iy o pleasure ro thani Dr. H. R. Napendra for
ey heigful discussions on the nwnericol purt of
the studv. Thanks are due to Mr. N. Ramant and
Mr, A, . Morathe for the heplful sqggestions on
the manuscrips. Tharks ave aiso due ta the authnr-
itgex of fadian Insunee of Science for the ancuon
of cevplacter gramis,
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