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A mathematical model for carbothermic
nitridation of carbon/metal oxide pellet—effect of
pressure gradient

H. K. CHEN*

Department of Chemical Engineering, Hwa Hsia College of Technology and Commerce,
Taipei, Taiwan 235

C.I. LIN

Department of Chemical Engineering, National Taiwan University of Science and Technology,
Taipei, Taiwan 106

A mathematical model has been proposed for describing the carbothermic nitridation of
carbon/metal oxide pellet in a stream of nitrogen. Based on the model, dimensionless
governing equations were derived to represent the non-isobaric system. Effects of the
following five parameters on the conversion of solid C and yield of solid E have been found
to be similar to that of an isobaric system: the reaction/diffusion ratio o2, the reactivity
ratios 1 and B,, the reactant amount ratio y and the Sherwood number Ngy. The reaction
rate was found to be high when the value of a dimensionless viscous constant B* was
large. The reaction rate for the non-isobaric system was generally found to be lower than
that for the isobaric system. © 7999 Kluwer Academic Publishers

Nomenclature Pab, Pab partial pressures of A and B in bulk

A, B symbols for A and B, gas, respectively [atm]
respectively [-] P total pressure [atm]

Bo viscous constant [A} R gas constant [atm-t{kmol-K)]

B* dimensionless viscous constant t reaction time [s]
defined in Table Il [-] t* dimensionless time defined in

b,cde stoichiometric number [-] Table 11 [-]

C,D,E symbols for C, D and E, T reaction temperature [K]
respectively [-] Xe, Xp conversions of solids C and D,

Ce, Cp, Ce concentrations of solids C, D and E, respectively [-]
respectively [kmol/m] Ye yield of solid E [-]

Cco, Cpo, Ceo  Initial concentration of solidsC,D  z coordinate [m]
and E, respectively [kmol/# B1, B2 reactivity ratios defined in

Deka effective Knudsen diffusivity of Table Il [-]
gases A [m/s] Y reactant amount ratio defined in

dc, do grain sizes of C and D, Table Il [-]
respectively [m] n dimensionless coordinate defined in

h mass transfer coefficient Table 11 [-]

[kmol/(s-nP-atm)] &c, &p, & dimensionless concentrations of

L half-thickness of solid matrix [m] solids C, D and E defined in

l1,15,...,1g reaction order [-] Table I, respectively [-]

my, My, ..., Mg reaction order [-] Po initial bulk density [kg/nd]

Na, Ng fluxes of gases A and B, o? reaction/diffusion ratio defined in

o respectively [kmol/(s-f)] Table 11 []

Na, Ng dimensionless fluxes of gases A and ¢a, ¢B dimensionless concentrations of
B defined in Table II, gases A and B defined in Table I,
respectively [-] respectively [-]

Nsh Sherwood number [-] ©Ab» ¥Bb dimensionless concentrations of

Ny, N, ..., Ng reaction order [-] gases A and B in the bulk phase

Pa, Ps partial pressures of A and B, defined in Table I,

respectively [atm]

* Correspondence concerning this article should be addressed to H. K. Chen.
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respectively [-]
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1. Introduction conservation of the gases with a mass balance for the

A gas-solid reaction of the following type solids. The results are expressed as
= dP, dR,
A(g) + cC(s)+ dD(s)= bB(g)+ eE(s) (1) Na = —(DeKA/RT)d—ZA - PA(BO//’LRT)d_Zt 3)
is normally found in the carbothermic nitridation of
aluminium oxide, silicon oxide and titanium oxide: Pg =P —Pa (4)
N2(g) + Al203(s) + 3C(s)= 3CO(g)+ 2AIN(s) dNa _ —ky exp(—Ey/RT)ddY o CCEC P Py
2-a
(2-a) )
2N2(g) + 3Si0y(s)+ 6C(s)= 6CO(g)+ SizNa(s dN
2(9) ( ) ( ) (g) 3 4( ) d_ZB — bk, eXp(—E1/RT)021depg3CgACBSCEGPIZPEB
(2-b) (©)

N2(g) + 2TiOx(s) + 4C(s)= 4CO(g)+ 2TiN(s) ] ]

5 The meanings of all symbols can be found in the
(2-c) Nomenclature Section. [Re is effective Knudsen dif-
o ., fusivity in which porosity and tortuosity have been
Most reports [1-3, 7-9] of this kind of gas-solid {5 en’into account. Bis the viscous constant which

reaction have been experimental. We previously progqelates with the pore diameter in the solid sample,

poseq a mathematical model [4] to interpret ttho — d?/32. The pore diameter is d.

experlmental resglt_s of th_e system of carbothermic The conservation of reactants C and D, together with
nltrldatlon of aluminium oxide. Later, a general mat_h-_ product E may be written as follows.

ematical model [5] was suggested to interpret the nitri-
dation of carbon/metal oxide powder mixture. Gas pore;c

diffusion was assumed to have a normal diffusion re-—-= = —k exp(E1/RT)d2 dpy p*Ce C CE Py Py
gion in these two papers. Subsequently, a mathematical
model for an isobaric system with Knudsen diffusion C (7)

was proposed [6]. If the solid pellet of carbon/metal =0 _

oxide is sufficiently thin, the system can be assumed ot

to be isobaric. However, when the pellet is thick the — — kp exp(—Ez/RT)d d3? pgeCat CPCae Py PR
isobaric assumption should be discarded, i.e. the effect ®)
of pressure gradient should be considered. However, a

mathematical model taking this factor into account has 9Ce — kzexp(—E /RT)dcldlzplgcuclsclePhFﬂs
not yet been found. Therefore, this work is to developa ot 3 3 Do =C=D=EATB
physico-chemical model for the Knudsen diffusion re- 9)
gion which can be applied to the non-isobaric system.

The effects of reaction/diffusion ratio, reactivity ratios, Initially, the concentrations of solids C, D and E are
reactant amount ratio, Sherwood number and dimenexpressed as

sionless viscous constant on the conversion of solid C

and yield of solid E are studied in this investigation. Cc=Cc att=0 (10-a)

A comparison of the reaction rates for the isobaric and

non-isobaric cases is made. Co=Cpo att=0 (10-b)
Ce=0 att=>0 (10-c)

2. Mathematical model

A slab-like pellet made up of uniformly mixed solid
grains consisting of species C and D is considered her
Solids C and D react with gas A according to reaction

Due to symmetry, the boundary conditions at the center
é)f the pellet can be written as

(1). Gas A is present in the bulk gas. Na=0 atz=0 (11-a)
The following assumptions are made: Ng =0 atz=0 (11-b)
1) The system is isothermal. On the surface of the pellet, the fluxes of gases trans-

2) Pellet structure does not change during reactionferred through the boundary layer are equal to the fluxes
3) The pseudo-steady state assumption is applicableyffsed through the pellet. Thus, we have
4) Gas diffusion in the pores is in the Knudsen dif-

fusion region. . ' Na = h(Pa — Pap) atz=L (12-a)
5) Mass transfer coefficients of gases A and B in the
gas film are assumed to be the same. Ng =h(Ps —Pgp) atz=1L (12-b)

Within the framework of the above assumptions, thelf resistance to mass transfer in the gas film is neglected,
problem may be stated by combining equations forthe partial pressures of component gases on the pellet
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TABLE | Dimensionless governing equations, initial conditions and TABLE |l Definitions of dimensionless quantities

boundary conditions

Governing equations:

—Na =1+ B*QOA)% + B*(PA%
dn dn
¥8 =1—9¢a
dNa
dn
dNg
dy
9&c
ot*
9&p
at*
0&e
at*
Initial conditions:
=1

Sp=vy
=0

Boundary conditions:
Na =0, Ng=0

Ng Nz ng

= —02 Bt ED EL o o
= bo? BrEQ e 60 op o
= £SO pp?

My eMs Mg M7 my
= 7}31§C4$D5§-E6¢A7(pB8

laclsclg 17 |
= BELE5ER 0A vp

Na = Nsn(¢a — @ab) OF ga = @ab

Ng = Nsn(¢s — ¢gb) Of 9B = ¥Bb

attt =0
att* =0
att =0

atn =0
atn =1

atn =1

(14)
(15)
(16)
17)
(18)
(19)
(20)
(21-a)

(21-b)
(21-c)

(22-a)
(22-b)
(22-c)

Gas concentrations:

A =Pa/P (23)
¢ = Pg/P; (24)
Gas concentration in the bulk phase:

@ab = Pan /P (25)
@Bb = Pab/Pt (26)
Qiffusion flux:

Na = (NALRT)/(PtDeka) @7)
Ng = (NgLRT)/(PtDeka) (28)
Solid concentrations:

éc = Cc/Cco (29)
& = Cp/Cpo (30)
ée = Ce/Cco (31)
Coordinate:

n= Z/L (32)
Time:

t* = kgt/Cco (33)
Reaction/diffusion ratio:

0% = (L?RTki)/(Pt Deka) (34)
Reactivity ratio:

B1 = ka/k1 (35)
B2 = ka/ki (36)
Reactant amount ratio:

¥ = Cpo/Cco 37)
Dimensionless viscous constant

B* = (BoPt)/(14Deka) (38)
Sherwood number

Nsh = hL/Deka (39)

surface are equal to those in the bulk gas. The bound-

ary conditions of Equations 12a and b can therefore b

?ABLE I11 V alues of stoichiometric number and pertinent parameters

replaced by
Stoichiometric number or parameter Value
Prn=P atz=1L 13-a
A A ( ) b 3.0
— — _ c 1.0
Ps =Pgp, atz=1L (13 b) q 30
e 2.0
To facilitate the analysis, Equations 3 through 13 arg,, 2.1
transformed into dimensionless forms, as shown ims 1.1
Table I. The definitions of the dimensionless quantitieg —0.48
are listed in Table II. i 8'8?
The conversions of solids C and D and the yield ofn?4 0.94
solid E are calculated according to the following equa-m, 1.65
tions me —0.58
1 my 0.87
m 0.01
Xc = fo (1— &) d 4oy oo
Is 0.35
1 lg 0.16
Xp :f (y —&p)dn 41) I 0.94
0 Ig 0.01
1
Ye = / &edn (42)
0

C/Al;,O3. The values of parameters employed are ob-

The numerical method needed to obtain the solution isained from experimental data of this reaction sys-
the same as that described by Chen and Lin [4—6], exem [2]. The only difference between the governing
cept that in the present case their two equations of thequations of the non-isobaric system and the isobaric
boundary-value problem are replaced by four, Equasystem is the form of the diffusion equation, Equa-

tions 3 through 6.

3. Results and discussion

tion 3, of this paper for the non-isobaric system and
Equation 2 in [6] for the isobaric system. The other
equations, initial conditions and boundary conditions
are exactly the same. The effects of five parameters,

The values of stoichiometric numbers and perti-namely, reaction/diffusion rati®?, reactivity ratios 8,
nent parameters employed for the calculation areand g, reactant amount ratig; and Sherwood num-
listed in Table Ill, with the stoichiometric num- ber Nsy on the conversion of solid C and the yield of
bers corresponding to the carbothermic nitridation ofproduct E are similar in the non-isobaric and isobaric
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Figure 1 Plot of conversion of solid C, X and yield of solid E, ¥ Figure 4 Plot of conversion of solid C, X and yield of solid E, ¥
against dimensionless time. The effeciaf against dimensionless time. The effect ¢t B
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Figure 2 Plot of conversion of solid C, ¥ and yield of solid E, ¥ t

against dimensionless time. The effectof

Figure 5 Plot of conversion of solid C, ¥ and yield of solid E,

Y against dimensionless time. Comparison of non-isobaric case and
isobaric case.
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Figure 3 Plot of conversion of solid C, X and yield of solid E, ¥
against dimensionless time. The effect gfiN 8‘0 Too

systems. According to the results obtained, it is foundrigure 6 Plot of conversion of solid C, ¥ and yield of solid E,
that the reaction would increase when the Va|UQ$20f .YE agginst dimensionless time. Comparison of non-isobaric case and
. isobaric case.

y or Ngpincreased or the values 6f or 8, decreased.
Figs 1-3 show some of the results obtained.

A larger value of B indicates a larger pore size in the
solid sample. A larger pore size produces a high rate of 10
diffusion of gas A into the solid sample, accelerating
the reaction. The computed conversion curves (Fig. 4)
confirm this viewpoint. 06

08 F

B=15 o'=16:10"]

Figs 5-7 show the conversions of solid Cg Xo- il NeTt B
gether with the yields of solid E,g¥against dimension- 2 o4l 1220 A
less time at different conditions. It is generally found LT
that when the system is non-isobaric, the reaction is ozr ' L e ]
slower than under isobaric conditions. The mathemat- b0 i , . .
ical model and calculations for the isobaric system is 0 40 oo 160 200
rather simple compared to those for the non-isobaric t

SyStem' Hence, if the pellet IS thm’ the isobaric aS_Figure 7 Plot of conversion of solid C, X and yield of solid E,

Su'mption is U§Ually employed. HOWGV?I’, if the Pe”et iS_YE against dimensionless time. Comparison of non-isobaric case and
thick, producing pressure gradient exists, the isobarigobaric case.
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assumption should be discarded to prevent the calcul®References

tion errors.

4. Conclusions
1. The effects of five parametets?, 81, B2, ¥, Nsh,

on the conversion of solid C and yield of product E are4.

similar in both non-isobaric and isobaric cases.

2. A larger value of B produces a higher rate of ™

reaction.

case.
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