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‘ Rate of Chemical Reacton and Its Effect on the Process
of Droplet Combustion

: vy

V. R, Kuznetsov
The theory of combustion of a fuel aroplet in an oxidizer stream for a purely
% diffusion case has bYeen developed & loﬁg time ago {1,2]. For 4ne gereral case is
; known only a series of qualitative results, For example, it was estadblished shat
; part of the fuel evaporizing in the droplet does no! combust and tkat at cerialr
 conditions the dro;i;;ligéxigyégnnot burn (3-5].
| Spaulding made an effort to explain, what these conditions are, but the base-
less disregard of convective members in the heat conductiviiy equation led 4o %he
point, thet the value V/R, (retio of rate of flow coming egainst the droplet %o
its radius) during flame separation (it shows, that V/Ro-function orly of <he
temperature of the ongoming flow) is almos: & 100 ticmes lower than ‘he experi-
mentally measured dy Agaforova [4] and Fedossyev [6].

In experiments [3.4] were investigated only several pertial instance:, by
which it is impossidle to make a complele picture..

The purpose of this investigation is to find a simple method, with the aid
of which it would be possidle to evaluate the amount of uncozdusied fuel anld ¢o
explain the conditions, at which the droplet cannot burn,

Agafonova [4] derived an equation, descridbing the process of cozdusiion of a
fuel droplet in an oxidiger siream, ani forzulated doundary coniisions, T¢
obtain this equation, it is necessary to assuie <hati:

a) the boundary layer orn tke drople: is equivaient %o a ceriain given fil=,
with‘idonticsl thickness everyvhere, R

44

b) the process is stationary, ¢) reaction is Yy=olecular and iis rate i3
: disrugionas,’
described by the Arrhenius eguaiion, &) thermodiifusion and/zeat coniucs ivisy
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. = be disregarded, o) A =camst, Dpxcanst, £) \=Dp o,
This equstion has the form of
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Here T = tempereture, sp - specific heat at constant pressure, B, -concentm tion

of oxidizer in onocoming flow, v-mess rate of substaoe within the film; Recurrent

redius (read from the center of the droplot).’b- thicikness of given film; De=diffusion

coefficient; E~-activation energy; xo' pre-exponeat, qQ-thermal effect of reaction

by oxidizer; L - eamount of oxidizer 1.;1 genocessary for the cambustion of 1 g of fuel;

1~ apecific heat of evaporation;s- density. The index O pertains to the surfece of

the droplet, 1= to oncoming flow,
It isassuned, that To- boiling poiat.

_ Boundary conditions heve the form of )
3"'_‘-0‘,

0"_"—9..

@) _ L
A 4? o Qﬂ.‘ ’
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';;;?hgjgggqéggde~x in the interval E’;, 1] varies slightly in comparison with the
1product of three remaining co~factors, standirg in the right part of equation (1),
‘andgwe will therefore consider taat X = const *,

In equation (1) and in boundary cpnditions 13) 1s 1pcluded an unknown parameter

iuorg, which cannot be determined if (1) is not first integrated. In reports . 4,5)]
2

;is shown, that the magnitude u,rg is proportional to the rate of evaporation,

practically not differing from (uorg)d. (The index d pertains to a purely 1iffus-

ional case) In conformity wits +ais we will sssume, that MoT5 = {g72)i. It gives
’ Fiies™ LWE € 7o R '
' .- l—r.h'n‘lﬁ " (4)

%L_, -—a (5)

We will introduce a valueyy) == equalling to the rztio of uncomdbusted
4 _ 1 .

L/ﬂ ary
fuel flow to the flow of evaporizei fuel,

From (3) and (4) we will odtain

To evaluate same, we made a series of simplifications, Their validity is

discussed below,

From (1, and (5) we have

1
3% g

Ve shall try finding the value of the integral in formula (5).

F A 1

Since in the reaction zone <he conceniration of combusiible comporeris changes
very sharply, and the temperature to a lesser exitent, then the zaxizum ol repro-
ducing the concentration and maximu= rete of reacion are close <o e2sk osker,

We will gscume ithat they do coincide, It gives

S - .
;g-m £ O+ a9 +0)O+ o +03] =0, )

*# AL numericel e
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Lr & al‘\lr*l'ui and O ¢ 024/'4- b2 with an accurecy to constaat multiples are equal
to oxidizer and fuel conocentretions respectively.

Fram (7) we have

Oy, 0 4y, 04, \ (&)
vhere .
w2 L _Uhted (9)
a+a’ G +ay

We approximate the rate of reaction (subintegral functiom in (6)) by & graduzl
curve 80 as it vwas made by Zel'dowich and Frank-Ksmenstsikiy when solving the problem

of normal flame propagst un[‘l_]. It gives

_ o B OO (5a)
L£0P) =4g®,. ¥, 5% v, <Y ya

0 s Ya <YK

Aumtngz('\lr) = tempersture distribution, corresponding to the sbove selected
dependence g’ (f’r) and satisfying the boundery conditions. To determine theA'Jtr .-.'K

&Y. we employ an idea , mentioned in the sbove given report. In this case it leais
1

to a relatiomship T 3
0(%)—9--9(\7‘)—,-6,'——62- ) {9:)

The runctionzeb is approximated by two straight lines, intersessirg ir zoins
(»n.\*g) and setisfying the boundary conditions (ome streight line bas a dip = &),

&, e
and ths othsar one .
» i

The utmalA'*'ld derivative d%‘\*f;; is easily determined by these straight

liness a1 =y
. A\.-T — , (13"
. & G;—",l !
H. 6 -8, &b

{ Y i SV
Sinos S'}'d*’s“ A-*r. then using (8) and (10), we cotain an equetion for the deter-

~ , 5 \

A . . ..
miuti‘.rn of KWm=—Cmg)t (c0m+ 38 {8s =232 0 =) &xp 5,—:::
b{c;s o G} SV g T 6=y
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Having found ; fram (12), & frem (8) and (12), w vil) obungﬁr., from (11).
Next is found»t’.

Such cslculations were msde for an alcobol droplet in an air stresm (tadbls).

In fig.l is given the ul-tianhipqa) st & ¢ const. We investigate dehaviorof
ftmctionl% (K) near the point '%. Since the values c% +d, “*fm” l, 0 %4— dzﬁl
do not change much, for an approximate analysis they can be comsidered constant. EQua~—

tion (12) acquires the form of ) /b
K (9 = ¥m* exp [ 75 )
b

f12a)

const,

At Koy o2 and & = const (1¢ éoz;nsmnds- f-:orarise in rate of chemical resctionm
to infinity or & reduction to zero in the rate of flow,directed around the droplet,
or stoichiometric cootficunt)ﬂy,\-—) ‘\}); 4 If the heat zererzirzability of the Iuel
or concentrstion of oxidizer in the stream increases, K decreases,bu’ 1/b exp (b/c‘*-

4d) rises mich sharper and% also tends toward "kd'

213020

Sinoe at-\k.’ %J fram (8) &, 6 4
and the amount of uncozbusted fuel tends

to zero.

At "}'>"‘&l o tep -\‘-,‘, >, £_0 (negative concentration of fuel), and at -\’,-L - a/e,
f5 '\ O consequently - U04+ 4\‘“.0_:‘/

We will now examins the condiiions / flame seperation. We will mention first of all
that at greater values of the Nusselt criterion K~ RO/V Jit 4s assumed, that Mu =
2-1-0.6'\/15;)- Consequently at}anchanged terperature ©f oncaming flow flaze separst ion

vill take place at one and the very same R,/V values,

FID«IT=63=653/1:2 5



22 we increase the rate of flov V,then the rets of svaporation will be izcreased.
In the end there shoull be flame separstion.

In the interval[- d/e, \k‘] the value _
U—%.)(\D,.,'-\P..‘)'cxp(‘-\a-:b-n} (125)

c Y, = d— 0, T

is limited from the top, em‘oqu.ﬁtly ot ocertain K velues aquition (12) has no solu-
tions. The latter means that stable combustion of the droplet is impossible. The

eritical vealue K is found from formuila

-

cx (s

B = :)

~

which determines a certain curve K(8)), which appears to be ths boundary between
the zone ,where stable cambustion is possible, and the 2ome, where stable cambustion
is impossidle. Such a curve, celculated for s drop of alcohol,burning in the flow
of air, is presented in “"g_'f_'/

To check the accuracy/ the approximste method of solving equation (1) was mede

a comparison off g&} W /d‘\" found from an sccurate solution by numerical in

tegration and by the above expleined method. Differences have not exceeded 10~
15%. .
7 : -
IA Y | - 24: . i ///lx
‘ ”’ ' :'_7 - —————— -_/' ‘/
0 '.1’}‘/5 ; —= e
A e
' ! ' H E ) .
Ve YT %
———- - . - - - — 7.enfeen
Fig.3 Figel

Calculated were 8lso the dependences of the amount of uncombusted fuel (gesolines)
upon tho rate of oncaming air stream and the relationships betwsen the texmperature
of the flow and its rate during flame separstion.

The results of calculations are shown in fig.3 and 4 (dotted curves). For com—

parison on the very same figures are given expsrimental curves bdorrowed from ;rh: .

PIDTT=63#553/142 [3



Numerical values of magnitudes, necessary for the calculation, are given in table,

Table
Name E,cal/mol | ;c.m,‘:, cantsl®s. m/o-u ng, , 7oK | I X l P y Zecm/sec
— !
Ethyl alco- ' l
hol { 2
. 220 0,33 23 340 i7.4011] 3,2.10~¢
Casoline i 2%% %:231 2388 | 70 03 0,23 l’ 10u| 1,72-10~¢

Greater discrepancies beitween values‘?L,_obtained experimentally and theoreticali~

ly, are explaired by failure to consider the afterburning a}ong the patz after ths

e vt - we T P

droplet,

The calculated deperidence of the rate of the flow duziﬁg flame separation
‘'upon itemperature of the flow is in excellent conformity with experimental data,

Between the values V/Ro during flame separation, obtained experimenitally ani
‘theoretically, there is also satisfactory conformity (at 870° they constitute 5800
and 5600 sev-1).

The author expresses sincere thanks to L, A, Xlyachko and ¥, P, Samozvanisev
‘for critical remarks and valuable council,
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