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The ef fects of pres sure on dif fu sion of ox y gen mol e cules dur ing the coal com bus tion 
could not be ig nored. The com press ibil ity fac tor of real ox y gen is in ves ti gated to
eval u ate the de vi a tion be tween real and ideal ox y gen, and ob tain the mean free
path of real ox y gen. Com par ing the Knudsen pore di am e ter with the min i mum pore
di am e ter, it is found that with the in crease of pres sure, Knudsen dif fu sion can not
ex ist at low pres sure and may de lay to oc cur at higher tem per a ture. When pres sure
ex ceeds 3.5 MPa, no Knudsen dif fu sion oc curs within the whole tem per a ture range
of our re search. Com par ing the dif fu sion rate at 1 MPa with the burn ing rate, one
can con clude that the com bus tion mainly take place on the in ter nal and ex ter nal
sur faces, and the re ac tion is con trolled by the chem i cal ki net ics be low 1400 K.
When them per a ture is be tween 1400 K and 1600 K, the re ac tion is con trolled by
both the dif fu sion and the chem i cal ki net ics. When the tem per a ture is more than
1600 K, the com bus tion pri mar ily hap pens on the ex ter nal sur faces and is con -
trolled by the dif fu sion.

Key words: Knudsen diffusion, molecular diffusion, mean free math,
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In tro duc tion

Now a days, coal has played and con tin ues to play a sig nif i cant role in meet ing the
global de mand for en ergy ser vices and needs to be used more ef fi cient and en vi ron men tally
friendly than ever be fore. Ad vanced clean coal tech nol o gies, such as pres sur ized com bus tion
[1] and ox y gen-en riched com bus tion [2, 3], have at tracted in creas ing in ter ests in re cent years.
Coal is a com plex poly meric ma te rial which has a highly het er o ge neous and com pli cated pore
struc ture. Pores in coal ac cord ing to the di am e ters may be di vided into: mi cro-pores (<2 nm),
tran si tional pores (2-50 nm), and macro-pores (>10 nm) [4]. Pore vol ume dis tri bu tion is de pend -
ent upon the rank of coal. For dif fer ent rank coals, pores with di am e ter of less than 10 nm ac -
count for the main por tion of the in ter nal coal sur face and the avail able sites for com bus tion.
Many stud ies [5, 6] have also shown that the pore struc ture has a sig nif i cant ef fect upon the coal
com bus tion. It is now es tab lished that pul ver ized coal (P. C.) com bus tion is con trolled both by
ox y gen dif fu sion and chem i cal ki net ics [7]. While ex ten sive ex per i ments and mod el ing of at -
mo spheric coal com bus tion have been re ported [1], the cases of high pres sure are poorly ex am -
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ined and lack of sys tem atic study. In high pres sure at mo sphere, the mean free path of ox y gen
mol e cule be comes smaller, mean ing that more sur faces of mi cro-pores can be ac cessed. Thus
the ef fects of pres sure on dif fu sion of ox y gen mol e cules can not be ig nored. 

Dif fu sion and ki netic re gimes

Since the gas mol e cules may col li sion with pores walls, Fick's law is in ad e quate to de -
scribe the dif fu sion in po rous me dia. Within the pores, three dif fer ent types of dif fu sion mech a -
nisms have been iden ti fied: (1) mo lec u lar dif fu sion, (2) Knudsen dif fu sion, and (3) tran si tion
dif fu sion. Dif fu sion oc curs via mo lec u lar or Knudsen pro cesses, con trolled by mol e cule-mol e -
cule or mol e cule-wall col li sions which de pend ing on the mean free path or the rel e vant pore di -
men sions. Con sid er ing the pres sure de pend ence of mean free path, sec ond virial co ef fi cient
over Lennard-Jones (12-6) po ten tial is ap plied to es ti mate the de vi a tion be tween real and ideal
gas, and cal cu late the mean free path of ox y gen mol e cule at el e vated pres sure. The sec ond virial
co ef fi cient B2(T)  is given by [8]:

B T
k T

k T

kN

k

k

2
24

3

10
2

3

8

2

2

( )

lim
!

= × ×

×

æ

è
çç

ö

ø
÷÷

-

®

N A

B

B

ps e

e

4
=

- -
æ

è
ç

ö

ø
÷

å
æ

è
çç

ö

ø
÷÷ - +

æ

è
ç

ö

ø
÷ -

0

3

4 21

4

3

4 2

1

4

N
k

k T

k

k T

e e

B B

G
æ

è
çç

ö

ø
÷÷ - +

æ

è
ç

ö

ø
÷

é

ë

ê
ê
ê

ù

û

ú
ú
ú

- -
æ

è
ç

ö

ø
÷

1

4 2 1

4 2

k

k
G (1)

where  NA  is the Avo ga dro con stant, e – the depth of the po ten tial wall, kB – the Boltzmann con -
stant, and s – the fi nite dis tance at which the inter-par ti cle po ten tial is zero. For ox y gen mol e -
cules, e/kB = 118 K, and s = 3.58·10–10 m. The quan ti ties G(a) is well known gamma func tion
de fined by G = ò -t tta 1

0 e d .4

The com press ibil ity fac tor, Z, which rep re sents the de vi a tion be tween real and ideal
be hav ior, is usu ally ob tained by solv ing equa tions of state, such as the virial equa tion. The for -
mula is:
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where R is the uni ver sal gas con stant, v – the mole frac tion; P [Pa] – the pres sure, T [K] – the ab -
so lute tem per a ture, and B2 – the sec ond virial co ef fi cient. 

Jennings [9] ac cu rately cal cu lated the real gas mean path of air. This equa tion can be
used to ob tain the mean free path of ox y gen mol e cules:
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where m [Pa·s] is the dy namic vis cos ity, u = 1.016034 × (5p/32) is a nu mer i cal fac tor of or der
unity pro posed by Chap man and Cowl ing [10]. At high pres sure, such as un der subcritical or
super criti cal con di tions [11], the for mula of vis cos ity usu ally con tains the re sid ual vis cos ity
term caused by pres sure. Con sid er ing the re sid ual vis cos ity, on the ba sis of Lemmon and
Jacobsen [12] sum mary, val ues of ox y gen mo lec u lar dy namic vis cos ity in dif fer ent tem per a ture
and pres sure can be ac cu rately cal cu lated.

In gen eral, mo lec u lar dif fu sion pre vails when the pore di am e ter is ten times greater
than the mean free path; Knudsen dif fu sion may be applicative when the mean free path is ten
times greater than the pore di am e ter [13]. The dif fu sion co ef fi cient of Knudsen dif fu sion is:
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D C T dkO k s2
= (4)

where Ck = 8.57, d [m] is the pore di am e ter, and the sub script, s, means the small pores fit ting to
Knudsen dif fu sion. As sum ing that the con cen tra tion of ox y gen is zero at the bot tom of pores, the 
flux of ox y gen mol e cules through out the cross-sec tion of mi cro-pores by Knudsen dif fu sion is:
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where d [m] is the depth of the hole, x = 0.21.
The dif fu sion co ef fi cient of mol e cule dif fu sion is: 
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where D0 is the dif fu sion co ef fi cient un der the stan dard con di tion. The flux of ox y gen by mol e -
cule dif fu sion is de ter mined by the for mula:
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where Cl = 1.974·10–11 and the sub scripts, l, means the large pores fit ting to mol e cule dif fu sion.
The flux for the tran si tion dif fu sion of ox y gen mol e cules is given by the for mula:
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where DkO2
 = 10–10T1.25/ds, the sub scripts, m, means the mid dle pores fit ting to tran si tion dif fu -

sion. Us ing Tay lor se ries to ex pand the log a rith mic term and ig nor ing the higher-or der terms,
eq. (8) is changed to:
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The con trol ling mech a nism is an im por tant fac tor when high pres sur ized coal com bus -
tion is in ves ti gated. As a gen eral rule of thumb, the rate-con trol the ory is based on com par ing
the re ac tion gas dif fu sion rate with the chem i cal re ac tion rate. For coal com bus tion, three tem -
per a ture zones, which were, re spec tively, mainly con trolled by chem i cal ki net ics, ki net ics-dif -
fu sion, and pore dif fu sion, were iden ti fied and cat e go rized on the ba sis of rate-gov ern ing pro -
cess [14]. Ac tu ally the coal com bus tion rate is typ i cally in flu enced by all three pro cesses,
es pe cially un der high pres sure. Ther mal anal y sis is widely used to un der stand the ther mal be -
hav iors of solid ma te ri als [1-3, 7, 14-16]. Based on sim ple col li sion the ory (SCT) and the
thermogravimetric re sults of some coal sam ples, a re ac tion ki net ics model has been pro posed
and the re ac tion rate on the sur face of P. C. par ti cles and can be given [16]:
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where k is the pre-ex po nen tial fac tor and Ec [kJmol–1] – the crit i cal ac ti va tion en ergy.
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Re sults and dis cus sions

The val ues of com press ibil ity fac tor, Z, of ox y gen at dif fer ent tem per a tures
(600-2000iK) and pres sures (0.1-10 MPa) are cal cu lated to eval u ate the de vi a tion be tween real
and ideal be hav ior, fig. 1. Un der at mo spheric pres sure, the com press ibil ity fac tor is in de pend ent 
of tem per a ture, and very close to 1, which means that the gas can be con sid ered as ideal gas. The
ef fect of pres sure is more sig nif i cant at lower tem per a tures and can not be ig nored un der high
pres sure.

Con sid er ing the real gas ef fect, the real gas mean path of ox y gen is ob tained by eq. (3).
As shown in fig. 2, at the same tem per a ture, the mean path of ox y gen in pres sured at mo sphere is
1-2 or der smaller than the stan dard at mo sphere. Thus pres sure term was taken into ac count in this
study, and it also can be seen that the free mean path en larges with the in creas ing tem per a ture,
while de clines with the de creas ing pres sure. With the in creas ing pres sure, Knudsen dif fu sion can -
not ex ist at low pres sure and de lay to oc cur at higher tem per a ture. The small est pore in this re -

search is 2 nm. Let the crit i cal pore di am e ter for
Knudsen dif fu sion equal 2 nm and the value of
tem per a ture equal 2000 K, pres sure with a value
of 3.5 MPa can be ob tained. It means that when
pres sure ex ceeds 3.5 MPa, the di am e ter of the
small est pore is big ger than the Knudsen pore di -
am e ter; hence no Knudsen dif fu sion oc curs
within the whole tem per a ture range.

Rates of three dif fu sions are shown in fig. 3.
It clearly shows that as the pres sure in creases,
Knudsen dif fu sion dis ap pears at low tem per a -
ture. The ox y gen dif fu sion rate un der 1.5 MPa is
com pared with the burn ing rate cal cu lated from
the SCT model as shown in fig. 4. It can be con -
cluded that when tem per a ture is be low 1400 K,
the rate of dif fu sion in mi cro-pore is much more
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Figure 1. Compressibility factor Z of oxygen
(600-2000 K, 0.1-10 MPa)

Figure 2. Real gas mean path of oxygen
(600-2000 K, 0.1-10 MPa)

Figure 3. Diffusion rate of oxygen (650-2000 K,
0.1-1.5 MPa)



than the burn ing rate. The com bus tion takes
placed mainly on the in ter nal and ex ter nal sur -
faces. Thus the re ac tion is con trolled by the
chem i cal ki net ics, which is so called the chem i -
cal ki net ics re gime. When tem per a ture is be -
tween 1400 K and 1600 K, the dif fu sion rate is
close to the burn ing rate. Hence, the re ac tion is
con trolled both by the dif fu sion and the chem i cal 
ki net ics. This is the chem i cal-dif fu sion re gime.
When tem per a ture is more than 1600 K, the rate
of dif fu sion oc cur ring at macro-pores and tran si -
tional pores is close to the burn ing rate, mean ing
that the com bus tion mainly hap pens on the ex -
ter nal sur faces and con trolled by the dif fu sion.
Thus it is called the dif fu sion con trolled re gime.

Con clu sions

The pres ent study dem on strates the fol low ing con clu sions: (a) Changes of com press -
ibil ity fac tor with the pres sure in di cate that ox y gen can not be con sid ered as ideal gas un der the
pres sured at mo sphere, es pe cially at low tem per a ture and high pres sure; (b) The mean path of
ox y gen in pres sured at mo sphere is 1-2 or der smaller than the stan dard at mo sphere. More over, it
in creases with the tem per a ture and de creases with the pres sure con versely. When pres sure is el -
e vated upon 3.5 MPa, the di am e ter of the small est pore con sid ered in this ar ti cle is big ger than
the Knudsen pore di am e ter. Hence no Knudsen dif fu sion oc curs over the whole tem per a ture
range; (c) When tem per a ture is be low 1400 K, the com bus tion takes place mainly on the in ter nal 
and ex ter nal sur faces. Thus the re ac tion is con trolled by the chem i cal ki net ics, which is so called 
the chem i cal ki net ics re gime. When tem per a ture is be tween 1400 K and 1600 K, the re ac tion is
con trolled both by the dif fu sion and the chem i cal ki net ics. This is the chem i cal-dif fu sion re -
gime. When tem per a ture is more than 1600 K, the com bus tion mainly hap pens on the ex ter nal
sur faces and con trolled by the dif fu sion. Thus it is called the dif fu sion con trolled re gime. 
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