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'INFLUENCE OF STEFAN FLOW ON HEAT AND
MASS TRANSFER AND KINETICS OF CHEMICAL
'REACTIONS OF A CARBON PARTICLE IN AIR

V. V. Kalinchak and A. V. Dubinskii UDC 536.46:662.612

With account taken of Stefan flow, an analysis of the interrelated heat and mass transfer of a carbon particle
in parallel reactions on its surface is performed.

When parallel reactions (C+02 = CO, and 2C+0;, - 2CO) proceed on the surface of a carbon particle, a
Stefan flow develops which leads to a decrease in the oxidant mass flux and enhances heat removal [1-3]. The
available literary sources [1-3] do not give in an explicit form the expressions for heat and mass fluxes, the power
of heat releases, and the concentrations of gaseous components allowing for Stefan flow. Here we derive expressions
for the interrelated heat and mass fluxes on the particle surface, surface power of heat release, and rates of
heterogeneous reactions allowing for Stefan flow. Temperature and concentration profiles are obtained for the
components in the gaseous phase. This enables us to perform an analysis of the influence of Stefan flow on the
characteristics of heterogeneous combustion of a carbon particle: the induction period, the combustion time and
temperature, and the critical conditions of heat and mass transfer (HMT) governing the limits of heterogenéous
combustion [4-6].

Analyzing the heterogeneous ignition, combustion, and extinction of the carbon particle shows the need
for taking account of two parallel reactions: C+0; - CO,(I) and 2C+0, » 2CO (II) [4-6]. Since BiO << 1, the
temperature gradient over the particle can be ignored. In this case the equation of heat balance for the particle
appears as

1 dT;
§ePd G =0 =@+ Q)= Q, T (t=0)=T,. M
The heat release power as a result of the heterogeneous reactions is
Qx = (k1dy + k302) P2rC1r @
where
ky = kg exp [—7%,—) y ko = kg exp [—7?72,—] .
1 1
The density of the heat flux from the particle via molecules and via Stefan flow is
Q=AU+ 0u=—4 67971;2‘ o PR T @)

The density of the heat flux by radiation is determined by the Kirchhoff and Stefan-Boltzmann laws:
4 4
Ql' = &0 (Tl - TW) .

To find Cig, (2R, and Qy &, we need to solve diffusion, continuity, and heat conduction equations for
the gaseous phase. Since the coefficients of thermal diffusivity and diffusion for the gaseous components are higher
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than the coefficient of thermal diffusivity for the particle, the times in which stationary concentration and
ktemperature fields are established in the gaseous phase can be considered as being smaller than the time in which
a stationary field is established in the particle. This allows us to use for the gas the equations of stationary processes

o (5 oT,) @ ’
> rlz“a—r =5(6‘2T2p2vr),

(., _oc;\ 9 )
— —_J| ==
or (’P2D or ) =ar (CiP27)

-g; (pzvrz) =0. 4)

We write the boundary conditions:
4 4
Tz(r=R)=T2R, E:ICjR::l;Tz(rzoo)=T2m’ choo=1' )
j= j=1

The density of the oxygen flux is
/1 = P2rC1r (ky + k) »
of the CO; flux:

IR _ k1P2rC1R (6)
#2 #

of the CO flux:

J3r _ k2ParCig
2usg Hy 7

of the nitrogen flux: jsz = 0.
The velocity of the Stefan flow is determined by the algebraic sum of the flux densities on the particle
surface:

, , . Us '
(PR =hr* AR~ IR =} (k) + 2k3) p2rCir > )

where g5 is the molar weight of the carbon.
It is convenient to represent the solution (4) as

2 2
dC; e (R}, _ R (R 8
dr  pD \r iT p,D \r) "0

2 2
an, e (R) o e2)r [ R B
dr pD \r 27 pD \r ’
2 2
pavr = (pyv)g R = const.

Introducing the new variable

2

T (p2v)r R
E=J £ =
r poD r

dr,

we obtain
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d(C;+B; d (T, +
——(—{jg——/—SL)=—(cj+ﬂj), ~(—%§——@=—(T2+ﬂ).

Using the boundary conditions (5) we have

- -4 . .

cj=[(ch—cjm)e§+cjwe R—ch]/(e R_1), j=1,2,3, ®
C4=C4w C—E,

T, = [(TzR—TZM)e_§+T2°° e_ER—TZR]/(e_ER-—I). )

If we ignore as a first approximation the change in p,D with distance

2
_ (Vg R (P2)r R~ RR

§= pD r’ §r= paD D -

The density of the O, mass flux to the particle surface via molecules and via Stefan flow is equal to the total rate
of the chemical reactions /

. 9,
hr=Dpar —7

o (P2)RC1r = P2rC1r (ky + k7). (10)

Using (8) and (10) we obtain the equation for determining £g:

ps ky + 2%, &, (D/R) _ 1
[Hm T E, Clo —k1+k25R—1_o. (1)

We find the concentration of O, on the particle surface from (7):

Using (6), (8), and (12) we find the concentrations of CO,, CO, and Nj:
_ g H2 L g 13
Cor=Cra © R+ 70 k1+2k2(1 e °R), (13)
_ gt Yo 14
C3r = Cs € +ﬂ5k1+2k2(1 e °Ry, (14)

-£
C 4R = C4°° [§] R .
We perform the analysis of the solutions (11). Let us introduce the function

_ [15 k1+2k2 __19' D/R
PE=11+4 % T, C= TR

From

FPE <0

it follows that ®() is a monotonically decreasing function. Furthermore, its sign changes in the interval (£y, §2)
where
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us ki + 2k,

§1=0, L=y l+ gt 2%, Cie

It follows that Eq. (11) always has one and only one solution.
As numerical calculations show, in many real cases £ < 1. If we take e R=1 - &r Eq. (11) has the
solution
.=t (k1 + 2k)) Cioo (15)
R .
m+@+mm+%m+%mm

Then by substituting (15) into (11), we obtain, in explicit form, the relationship between Cjg and Cj:

CIR—Clw/(I-Fm'F;‘T—(—D—/R)—CIw , k—k1+k2. (

The expansion
- 1.2
e R=1 —frt 7k

is more accurate. Substituting it into (11), we find Eg:

2
‘SR=£+V(%_§}’

24 24

where

Using the relations obtained we find the equations for the heat and mass flux densities:

A &
Q= Q¥ Qu= (T = Tow €0 T an
R ()

. D T
hr =P2R;(C1m e -1 &

Using the quadratic expansion of ¢ ~¢R we obtain the approximate equation for

Ay Er (Tar + Trw)
Qo= 7 (Tar = Tow) [1 "2 W T3m) |
Or, in view of (15), by using the condition T, = T1g = T we have

2 -1
k, + P,
Z 1 st Tl + Tzoo

Py | _i=1 i (19)
Q;_st=a(T1—T2°°) 1+'273‘ ——?-——-’r “771—:—772: s
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Fig. 1. Influence of the oxidant concentration and particle temperature on the
Stefan flow velocity in two parallel reactions on the particle surface: a) Tog =
200K; D R=107%210"%3 1073 b) R=10"% 1) C[»=0.2; 2) 0.4; 3)
0.6;4)08; 8 1. T, K.

where @ =13/R, § = D/R are the heat and mass transfer coefficients;
2
#s
Pst=;¢— ( Zki+k2) Cilw -
1 1=
For the oxygen flux density we have

: D SR
hR=PRE [(Clw_clR)_ClooER] I+5 .

We find the gas density on the particle surface from the condition of an isobaric process

4 C, : 4 C‘R 4 C.

= i J%®

paTy 2, 'ﬁ{'_pZRT2R > o = P2o0 Toeo > e
j=1"1 j=1 j=1 7

In view of (12)-(15) we have

TZco 1+T+Z(l+ﬂclw

Tor D/R kK C 4.\
b T 1] jo
l+——+% /[zu,-]

P2R = P2

j=1
As a result we obtain the equations for the heterogeneous reaction rate and Q,:

-1

2
k; + p
. = (20)
W =jip = (k1 + k) p2rCi1 o +1 ,
B
5 -1
'—Elki * Pu @1)
Q, = (ark; + G3k3) PopChe | ——— 5 +1

An equation for d(#) is obtained from the equality
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2 -1
E ki + Dst

1 d(d =1
2P _ét_l = (Qik; + Q) popCres | ———+1| 22

B

where € and €, are the stoichiometric coefficients for the (I) and (II) reactions.

We perform an analysis of the influence of temperature, oxidant concentration, and particle radius on the
value of the Stefan flow. At low temperatures (T < 1000 K) the influence of the Stefan flow can be ignored. Figure
1 shows that as the temperature increases, £y initially increases drastically and subse'quently changes slightly for
all values of oxidant concentration. This has to do with the original "work™ of the Arrhenius exponent (kinetic
regime) followed at high temperatures, by that of the power dependence (diffusion regime). As the oxidant
concentration increases, the velocity of the Stefan flow increases as the particle radius increases. For R > 100 um,
the Stefan flow changes slightly with particle size.

Therefore, we presented a physicomathematical model of the interrelated HMT and Stefan flow in two
parallel reactions on the particle surface and analyied the Stefan flow velocity as a function of temperature, oxidant
concentration, and particle radius. Preliminary calculations of Egs. (1) and (22) using (19) and (21) showed that
taking into the Stefan flow enables us to explain the weak dependence of the combustion temperature on the gas
temperature [1]. The equations obtained for Q, Q; s, and chemical reaction rates enable us to determine the
characteristics of stationary high- and low-temperature stable and critical states of a carbon particle in air.

NOTATION

T, temperature, K; ¢, time, sec; p, density, kg/ m3; ¢, specific heat, J/(kg-K); d, diameter; R, particle
radius, m; A, thermal conductivity coefficient, W/ (m-K); e, particle emissivity; v, Stefan flow velocity, m/sec; r,
radial coordinate; Cj, relative mass concentration of the jth component; u;, molar weight, kg/mole; k1, k;, constants
of the first and the second reaction rates, m/sec; kg; and kg, preexponents; Ej, E,, activation energies, J/mole;
D, diffusion coefficient, m?/sec; & = ygR/ D, dimensionless value of the Stefan flow velocity; Qy, surface power of
heat release, W/m?; Q; 1, density of the heat flux via heat conduction and Stefan flow, W/ m%; Q;, density of the
heat flux via radiation; j;, mass flux density; W, rate of the heterogeneous chemical reaction in O, kg/ (m?-sec).
Indexes: 1, particle; 2, gas; w, wall; st, Stefan; o, infinitely distant; in, initial; R, on the particle surface; 4, by
heat conduction; r, by radiation; j= 1, Oy; j=2, COy; j=3, CO; j=4, N3.
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