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BURNIKG OF GRAPHITE
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binary. In work [1] it was shown that this pres
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overvhelming majority of theoretical investigations the
of various problems of the boundary layer is conducted
component mixtures of gases as

sentation gives good
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exchange

b

is fully warranted wi calculation of heat

ion on an impermeable surface in dissociated air

presentation of a nmulti-component mixture of gases

proves to be unsultable in the presence in the nlxture
more components with different properties, and also for
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group of components,

the condition of constancy of direction of

denmoenstrated in the example of

dary layer on the surface of graphite streamlined by hian-teh

air
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1, Scheme of breakdown of graphite in a flow of dissociated éﬁr.

Hith the streamlining of a graphite body by dissociated air

cesses occur simultaneously which are connected with carry-o off of £

mass of material - sublimation and chemical interaction between carborn

and and drag. Let us examine some features of fthese processes.

Sublimation., With normal pressure, graphite changes to a gas-

like state, by-passing the liquid phase., Graphite vapors consist of

2

various gas-like carbon compounds: C, Co, C3, Cy, 05, Cs and C7 [33.

In the case of 2 substance whose vapors consist of a single product,
the rate of evaporation is determined by the Knudsen-Langmuir ratio
G- C(Pu“‘h)

VGET'ETIQ

Here pi - pressure cf saturated vapors (equilibrium pressure),

(1.1)

pi- - pressure of the vapors of the material at the surface, a - ev=

aporation coefficient, X - gas constant, “: - vapors' molecular welght,

Here, it turns out that in the absence of chemical reactions in

the process of carry-off of mass, the pressure of vapor at the surface

In the case of a substance whose vapors consist of several gas-

[

like products, just as

n the case of graphite, the full evaporation

rate is determined as the sum of evaporation rates in the form of
individual procucts., For graphite, according to the data in work [3],

ag=0433 o, =0.5-1.0; a03= 1, and for the remaining compounds of car-
=

bon the evaporation coefficient is close to null, According to the

data of other authors, we obtain other values of evaporation coeffi-

i e 1 1 |




Chemical interaction of graphite with dissociated air. At high

tenmperatures there can occur the following chemical reactions betieea
-carbon and the components of air (we have written only independent

reactions):

C4 0==CO;

C +20:2= COs, 'icLa-zuéc.N;

There are data in literature [6] which attest to the fact that

reactions between graphite and oxygen are heterogeneous. This means
that carbon is combined with oxygen of air directly in the solid

phase, by-nassing the sublimation stage. Chemical reactions bétiwéen
graphite and oxygen occure in several stages [7]. First, atoms and
molecules of oxygen diffuse through the boundary layer to the graphite
surface, After this, they are adsorbed by the surface. Then there
occurs a strictly chemical reaction between carbon and oxygen. The

following stage - desorovtion cf products of the reaction from the
surface and, finaily -~ diffusion of these products throughvthe boun-
dary layer.

The speed of the reaction is wholly deternmined by the speed of

<t
oy
1]
[}
(-]
Q
)
0
ct
o]
L]
ct
[
]
o]
]

enentary processes, At low temperatures of the
surface, this determining vrocess is the strictly chenical reaction.
There is, presently, a sufficient amount of data on the kinetiecs of
burning of carbon at temperatures up to 1300-1300° X [6]. These data
can also be used for conducting quantitative calculations, as was

dcne in work [3]., Here, we must not forget that the constants of the

rate of oxidation of graphite sirongly denend on the porosity an
’ on technological factors,
: . At temperatures of the surface on the crder of 3000° X, the de-
7 i terminant becomes the rate of diffusion in the boundary laver., In this

case the chermical composition of gas in the surface can be considered
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equilibrium since the gas-like products of carry-off continuously

through the boundary layer. Here, the rate of this lead-off depéends

cn the interaction of various mechanisms of the carry-off of nasss

chemical reactions and sublination, It also turned cut above that

therefore, it is incorrect to propose that grapnite first sublimates

ther enters into the chemical reaction with oxygen as was done in

L e e A O———

sing surface. Tor example, according to the data in work [9], for the
breakdown of spherical body made of graphite with a diameter of 2 m,

with streamlining by an oxygen flow with temperature T,.=6661° X and

m 2 .

equal to 370,913 kg/msec, and the temperature of the surface Ew%

Al - - . - X Fad -

*3600° ¥, while according to the nethod of the present work it turns

huwever, even il we consider the reaction of carbon with oxygen

tc be heterogeneous, the guestion on the path of formation of gas-like
carbon remains unclear - C, Co, C3’ Cy, C Cr and C7. Carton vapors
sublimation of graphite or as a result

x

of dissociation of gas-iike procducts of the chenical interaction o

b,

~ - de T 3 &
graphite with carbon and nitrogen.

-

we propose that the rate of dissociation of these products is low

in comparison with the rate of sublinmatlon and that, consequently, the

entire gas-like carbon is formed as 2 result of sublimation of graphite,




The system ¢f boundary conditions on the surface of graphite
has the form:

equation continuity for carbon

P}ﬂ”ﬂ”cﬁﬁi-Gngvﬂ”&=¥Gv;
equation continuity for nitrogen

ﬂzvﬂ"qrrFszhﬁmtﬁéé
4
noneouil*brium sublina tﬂon
L (Pc.,‘ ch

2 ,W—-——— =p 2 cOch. + GV Cc.
R/ Mg, A=t 2
ecguation e"uilﬁbrﬂum for 1ndcnenden+ chemical react

— PN

VPT. » Vb,
?c0, K T PcN =K, . PoN,

X0 K, PN g, PN _ g

1cPo, " PcPy e

curves of elasticity of saturated carbon vapors

Pon, = 12 (Tw) k=147

on the surface of graphi%e

o

Stephan-Zoliznann constant;
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2; iHumerical solution to the ecuations of a multi-component

‘boundary layer on the surface of graphite. We will confine oursé‘?es

t0 an examination of the laminar boundary laver in the area: of thg
an axisy ical blunt body. In this case the
variables
t= Sg}tur‘lr

iOﬂa of a multi—co:nonent Doupcary laJ

Yy +1r + 5 (5 =) =0,
(ﬁJ*-EPaFO°'A~s 3%‘“0;

o' —fei —"—‘-—0

coordinases

n flow of the i-component,

p"
carry=ofsf

Vs RRTAFMAUIY © BONORS P o ekt |

— ey (3 EY
Vy= ”i—g,—' Dy=(1 d(’%-ﬁg)

coefficients of binary diffusion, and X; - mole con=

a strict formulation, we must ccﬁ;iée?~the,§egeﬁéencér

g
|




£ diffusion flow of each ct conponent on the derived voncentrat*ons of

all components which are present in the mixture. The relationships

between derived concentrations and diffusion flows are presented

work [14]; after transition to mass concentrations and the dimension-

less variables accepted in the present work, these relationships are

written in the form

= - =

N T -
‘ 2 —_— (c‘v,—c,v‘)sq_.e‘ + ——M""(h’) Z .‘_’. G‘D’ —-C,D")S” (2.=5)
(4= 1/pDy)
Sehmidt number for binary diffusion, and DiT - di-

-

o, SV

Here s Sié

menslonless coefficients of thermodiffusion. The system of equations

(2.5) is closed by relationship
9|+.n+§n-o (2-6)

vhich shows that the sum of diffusion flows cally equal to

null within the boundary:layer.
A direct substitution into the equations of continuity of the

iviGual components (2,3) of diffusion flows, acqui;ed from the so-

lution of the linear system of algebraic eguations (2.5) and (2.6)

eads to a system of éifferenti .. equations of the second order, im-

to the higher derivatives. A direct solution to

permissable relative

this system with iteration methods causes objections fronm the point

of View of stability. Therefore, it is desirable to preliminarily

solve this solution of equations (examined as algebraic) relative to

the second derived concentrations, On the whole, this method proves

to be ineffective, .
Mope effective is another method which is used below, In order

to obtain a system of differential equations for concentrations, we

liere, the

must differentiate The systen for diffusion ilows [15,15].

derived diffusion flows are expressed with the ald of equations of

T LS XTI 116151900 0 ot s o

i

i
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contivultv of individual compowents, and the second derivative of

%

temperature - with the aid of energy equation, Here, we immediatélyﬂ
acquire a system of differential equations, permissable relative td:
the higher derivatives (with an accuracy to the small member of the .
set (MZei//Mi)’]. In the final form, the equations for concentrations

in a multi-component boundary layer looks like thiS‘

e ol +b=0,  a=~M z;f;‘r;—f/k.,
=
: r ¢ N=t N-1 N-1 H :
b‘——m(MZM) 2 kim—1 kel + 3 bygg L+ (2.7)

+ {53 Fe— 2"':"’]8 “'“2% (’)x‘_Ti‘

and coefficients Kij and Ki are determined from system of equations
& -—c;MZ - Zk“v;.—;-m(liﬁ)"
=4 ;

k)

dary layer in the present work, we used the following additional pro=
positions: a) the rates of chemical reactions within the boundary
layer are equal tc null, b) the contribution of thermodiffusion.to
the processes of transfer of mass and energy can be disregarded.

With 2 .umerical integration of the full system of equations of
a multi-comnponent boundary layer, the time of calculation guickly
grows with an increase in the number of components (approximately
proportionally to the square number of components). Therefore, we
decided to stay with a relatively srall number of components, zﬁ th
which it would be possible to conduct a rather wide series of calcu-
lations and clarify the basic features of carry-off of mass of graph-
ite, Thus, the number of components in the boundary layer was éﬁortened

-

to eight: 0, 0p, N, Hy, 10, C, CO and CH.

|
|
i
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1|
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[
L
1
I
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With a practical solution to the system of equations of the boun-
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The sequence of solution to the system of equations (2.1), (25 2),

(2,5) = (2.7) with consideration of the boundary conditions (1.2)=

(1,7) was as follows,

1, As the null approximation, we assign randomn values of the

flow function on the wall, temperatures of the surface and concentra-

-

tions of all components at the wall; in the present work, the null

approximation for the conditions on the surface was selected in the

following manner:

T = 1000 + 0.25T,
€0y = COgy = ENOy, = c’.“u = 9:7,, =7@:7,Nw =0

(2.8¥

L A4
€00y, = CNgyy =

2. After this, we assign initial profiles of speed, temperature

and concentrations within the boundary layer. Tor this purpose, we

¥

used profiles similar to the profile of speed in uncompressed liquid

(Blazius profile),
3., Profiles of concentrations were differentiated, and, according

to values c¢4' from sysiem (2.5), (2.6) diffusion flows were found.

4, Then systen (2.1), (2.2) and (2.7) was solved with normal

boundary conditions (2.8) on the wall, For solving this system, ve

use of which in equations of boundary
layer is descri

5. According to the acquired solution to equat!:

ons of boundany

the coefficients of nass exchange £; and coefficients

hange due to the molecular heat conductlv;tj oy

O™ 8T
RIS = AR

On the basis of the thusly-determined coefficients ?

=

6, and ay

<
-

with the ald of boundary conditions on the breaking-down surface (1.2)

«(1,7) w2 made more accurate values f

ws Ty and Ci" Here, the tile
\.'!
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TR

between value -of flow function on the wall and the speed of carry-off

of mass of the matsrial in gas nhase is glven LY expression

If it turns out that Ty

resence of mechanical carry-off. In this case, as was shown above;

hel

we propose T,=T%, and from relationship (1.7) we find the full speed

f graphite mass with consideration of ifs mechanic¢al

o]

of carryv-off

breakdown,

Table, Parameters of potential function of the interaction betveen

P BN

particles (asterisks ¥ indicate internolation according to molecalir
w’gf_’-_séﬁﬂa,

| | mge + Ki @:

T I T

J =
o | 2.8 » 4 .

0 | 3.433 1 143.2 p«)

N 2.88 ) 38

Ny | 3.681 1 91.46

NO | 3.47 IR

C 2.80 33

co | 3.59 4 | 0.3 pq
CN | 3.50 . 100 0 g

.

B

Hey: 1 - component; 2 - source,

A

il

The seguence given above of actions was repeated, beginning from

oint 3 up to the time when the relative divergence between the two

v

"LJ

sequential appproximaticns did not bLecome less than some value §. The

approximations were compared according to values of speed of carry-

off of mass, temperature and concentrations, also their derivatives
on the surface of the body. For acaulring convergence with an accur-

ol
s#10~" abvout 40 approximations were required.

redy

acy o
The method of calculating the properties of individual components

was the same as in works [1, 12, 15], iHere, for calculating enthalpies

jividual components and constants ¢i equilibrium, we used the

i3
=N
Luls

oo
[0 ) R

12




tables from work [18]. It was proposed that the interaction of all

2

particles present in the mixture is described by the Lennard=Johns
potential (6-12), The values of force constants used are given in
the table,
3, Sinplified methods of numerical solution to the system of
equations of a multi-component boundary laver, Por diffusion flows.
as usual, we accepted the following presentation
e,v,__b,‘;:‘ (3.1)
In this case, the equations of continuity of individual compo-
nts are simplified and have the fornm
(£ «) + o =0 (s7= &) (3.2)
- Schnridt number.
The diffusion coefficients in (3.1) are determined by two methods:
by the Wilke formula (2.4) and by the formula for binary mixture of
is one and the sanme for all components.

cording to the Vilke formula was used in the author's preceding work

o

{12], In this case, the sun of diffusion flows dces not change iden-
tically to zero; therefore, with the solution to equations, we intro-

L

duced into the diffusion flows a proportional correction,

W

in the case of the »resentation of a nulti-component mixture of

gases as the binary, the coefficlient of diffusion in exrression (3.1)

£
i

is ddentical for all components, In the ziven case, the mixtu
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e

1st group with one of the components of the 2nd group., However, we

can only do this in the case when all the components of each group
are differentiated in one direction, In the problem of carry-off of
graphite mass, the latter condition is not accomplished. So, in thé

st group the atoms of oxrgen and nitrogen diffuse to the surface,

=t

and the atoms of carbon - from it; in the 2nd group the molecular
oxygen and sone other components diffuse to the surface, and the

cartor oxide and cyane ~ to the opwosite direction. Therefore, we de-

the sequence of computations with the presentation of diffusion flows

1

in the form (3.1) remain unchanged,

Figure 1. af, a1
o L
P27
=124
4
— B
3000 300 4600 5600

LY ST ]

J600

M_Zl A
3000 7

00 4600 S0 !

4, Results of numerical solution, Calculations were conducted .or

= . z ) .
drag with parameters Te=3030-3500°ﬁ, p=5 atn,

It was accepted that geraphite has the form of a cylinder with

.

a Tlat end with a diameter of 14 mm. The iIntegral radiating ability

Jode
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Humericel integration of equations of the boundary layer was

done in the region 0<n<ld with a Step of n equasr to h=0,1, The control

l=]

checks with step h=0,05 showed that the divergerce of results has the
sane order as the assigned degree of convergence 6.

The results of calculation of speed of carry-off of mass G(kg/

2 o
/m“esec) and temperature of the surface of

G“

sraphite T, °X depending

on temperature of braking T, °K are presented in Fig., 1 and 2, vhere

curve 1 - accurate solution; curve 2 - VWilke formula with a nodifica~-

v}

tion; curves 3 - binary solution for D;=Dg co; curves Y - binary so-=

lution for D.=D

)

» CO. et us note that none of the limitations on

[N
[

value of temperature of the surface with those computed apply.

e can conclude that the rate of breakdown of graphite, which is

directly connected with the rates of diffusion of various con Doneﬁts

tion of diffusion in a nulti-component boundary layer. The temperature

ak

comparison ¢f the approxiration metheds with an accurate solution,"

Wilke method, With
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The fact that the Vil:ze approximation formula (with subsegquent

modification) qualitatively accurately describes the process of dif- E
fusion in a nulii-component boundary layer on brearing-down gravhite, z

we can see frorm a comparison of values of the coeflficlients of mass-

—
e

it




exchange 24, computed for various components with p=5 atm and

it

(=] )

e
=5000°K conforms to the accurate solution (3:=8i') and according to
— . o =4

the Wilke formula with modification (8:=8,")
¢ e o o0 6 N W W
By =1.812. 1.208 1.253 1.§ 5 : 445
For all components, with the exception of molecular nitrogen,

the divergence does not exceed 6%. In molecular nitro~en the diver-
gence reaches 135, in which regard this circumstance is cornected
with the anonmolous behavior of the coefficient of mass exchange for

Hoyy which can be established only as a resut of sclving the full
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ential equations and is not transferred by approxi-

-

mation methods (binary nixture, ilke Tormula). ¥With a calculation

of the boundary layer with the use of presentation of binary diffu=~
sion, the coefficients of mass exchange were identical for all the
componrnents and withe the indicated conditions composed, respectively,
B=31300 and £=14735 for twc values (which we used) of coefficient of
pinary diffusion Dg gp and DQ2—§@.
The use of the presentation of a multi-component mixture of gases

as a binary does not permit the satisfactorily-accurate consideration

of all the laws of change in speed of breakdown of graphite with a
change in temperature of impact, However, with the aid of a properly

selected coefficient of binary diffusion, we can obtain a satisfactory
coincidence at one or ancther temperature, For example, with T,=3000°K,

the difference from the exact solution is 1,3% for Dy=Dg

co? and with

r E}i:D“) C{}o

2
T_=6000°K, the difference from the exact solution is 2% ¢

Fad

If an identical coefficient of binary diffusion is used in the ent

re

fote

ot
oy

rangs of change in impaci temperature, the error in calculating the
o H 3

rate of breakdown of graphite can reach 25%., Ye..can conceive an ap-
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calculating a multi-component boundary layer

based on the introducticn of a "deternining coefficient of diffusion”

O

similar to the method of the determining temperature or determining

M, !

ric=

enthalpy, with the aid of which the results for heat exchange or-.

tion for uncompressed liquid with constant properties are transferred

to the case of compressed gas,

Ls we noted abtove, the temperature of the surface of graphité

depends on the method of calculation of the rates of diffusion less

strongly. So, in the investigated range of parameter change, the max-

inmum divergence in value of surface temperature does not exceed 100°X,

i1.e. 39,

An increase in rate of carry-off of mass of graphite with an

Jodo
oo
®
[N
(':‘
]
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ot
%
o]

increase in impact temperature of the air flow is expla

factors, First, we see here an increase in the degree of dissoclation

of oxvgen, as a result of which the diffusion flow of ozygen to the

surface grows, since the atoms of oxygzen possess larger dirf fusicn
S v o -

coefficients than molecules, Secondly, there cccurs here a change in

the mechanism of carry-off of mass of graphite. Since with an increase

in impact temperature the surface temperature grows simultaneously

+hen besides the Fformation of 2 carbon oxide the role of sublimation

of carbon (at low pressurses) and formation of cyanogen (at high pres-

sures) begins to increase., Figure _ shows the relative fraction of

sublimation of graphite ¥;=%:/G and the formation of cyanogen You=
f

carry-off of mass of graphite. Ye can

see that with T_.=6000°% andé p=5 atm, dur to the formation of cyanogen

more than 30% of the mass of grapnite is carried off,

Figure 4 shows the influence of limitation of surface temperature

of graphite on its mechanical breakdown. hwong the y~axis lies the

17




fraction -of carry-off of graphlte mass. in the gas~like form, and
along the x-axis - maxirmum surface temperature. Calculations vere Zon-
ducted for the following parameters of drag: p=5 atm, Te=6000°K.
e results of calculations show that the slight decrease in surface
temperature of graphite as a result of loss of mechanical strengtn'
leads to 2 sharp increase in nmechanical carry-off of mass. lWe can also
make an inverse conclusion: if the fraction of mechanical breakdown
sraphite is not very great, its surface temperaturé héfé hardly
decreases at all.

The degree of the nonequilibrium state of graphite sublimation
for the mechanism of mass carry-off used proved tc be very low. The
pressure of carbon vapors can, with an accuracy sufficient for prac-

be considered egual to the pressure of saturated vapors since

from this maximum value by only 1-23.
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