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i. INTRODUCTION

In spite of the immense amount of research on combustion of carbon in the
last 30 years, the classic experiments of Tu, Davis, and Hottel (1} on 1" .
spheres are still of the best, and perhaps still the most widely quoted, of
all experimental work on the subject, carried out at atmospheric pressure,
and in this range of particle size and temperatures. The theory, of course,
has advanced in several particulars since then (see Reviews (2-5)) and it has
long been known that the original Tu et al. theoretical analysis was inadequate.
In the original analysis, only desorption and boundary layer diffusion were
considered as possible rate-controlling steps in the reaction: chemisorption
and internal reaction were neglected. This neglect was simply that, at that
time of writing, these two latter concepts had not been formulated, or not
generally accepted; also, as a rias against considering adsorption, this was
always assumed to be so fast as to be effectively instantaneous. According to
Brunauer (6), the concept of activated adsorption was first formulated in the
early 1930's - about the time of writing of the Tu et al. paper, or soon after —
but, even a decade later, it still had not been generally accepted, with the
consequence that many true chemisorption processes even then were being incor-
rrectly interpreted in terms of solution, diffusion, migration (mobile adsorp-
tion), or reaction at the solid surface itself (6). Analysis of the internal
reaction processes came even later, and has only been developed in the last

decade or so.

Thirty years of research, therefore, has largely inverted the relation
between theoretical to experimental work: that is to say, theory now leads
experiment in consolidated development. Even so, the theoretical position is
still confused: confidence in many of the theoretical concepts is still low
as there are now almost too many theoretical possibilities available to explain
any given set of new experimental data. Further definitive experiments are
required to clarify quite a number of theoretical ambiguities, inconsistencies,
and contradictions. One particular such point of major fundamental and
practical concern at the present moment is the relative inportance of the three
principal “resistances" (1,7) in the carbon oxidation reaction. The three
resistances are those of: bhoundary layer diffusion (Sy) 5 adsorption (5,);
and desorption ($p). For many years, only diffusion was ever considereé as
the rate control at temperatures in excess of 1000°K. Hottel and Stewart (8)
had in fact shown conclusively, 25 years ago, that this was definitely not the
case for smalil particles of pulverised-coal size, in flames, but little or no
notice seems to have been taken of this paper till recently. Latest work,
(9,10) however, has now confirmed the essential correctness of Hottel and
Stewart's conclusion, sut this now brings in guestion the basis of the previous
helief, and also over what range of particle sizes and temperatures the new con-
¢clusion is valid.
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In support of the original contention of diffusional control at high
temperatures, the paper most freguently quoted would seem to have heen that of
Tu et al. Si nce, however, the original analysis was incomplete or inadequate,
for the reasons given above, our thought was that the Tu et al. data might not
be inconsistent with the new concepts, but simply had never been tested against
) them. It is true that their data apparently gave full support to the coneept
\ of diffusion control, but it has been shown elsewhere (2) (following Brunauer's

(6) suggestion), that many combustion data can reasonakly be reinterpreted in
) terms of an activated adsorption control, instead of the generally assumed
’ diffusion control - if it can ie accepted that the activation energy, though
: low, is finite, in the region of 2000 to 4000 cal., and therefore able to
N generate a small, but not negligible, resistance. Given this assumption, the
¢ Tu et al. data can then, apparently, be shown to give egually full support to
N the alternative hypothesis of adsorption control. This evident contradiction

(i.e., equal support to both hypotheses(, means of course, that the intrepre-

) tation of the data, as analysed to date, is ambiguous; but it seemed to us,
nevertheless, that the ambiguity was in the analysis, not in the data. There-
fore, if the data were of the high quality that is generally claimed fov them,
it might be possible to remove the ambiguities by using the data to test the
full equations now available in the literature (3-5), instead of the partial
equations used hitherto (1) (see also (11,12)). which were generally based on
unverified assumptions of very rapid, and therefore neglectable, adsorption.
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The purpose of this papcr, therefore, is to presenft this re-analysis It

shows that tlc dat2z are indeed of ixecllent 'quality (Thus climinzting the need

[

~, for repiat of the experiments). It also shows that adsorption preseitts a small,
{ - but significant resistance, which increases in importance ‘as the particle size
AN drops, becoming dominemt at something under. 100 mierons. There are, therefore,
: no essential inconsistencies with cthér dnd more recent data, so the tested

\. equations can be used to some extent to predict combustion behaviour of very

i small particles.

k\ 2. THEORY

\ The literature and general theory of carbon combustion has been reviewed
’§ so often, and so extensively (2-5), in the last few years, that we do not

N intend, in this section, to do more than set out the essential equations in

R the best form for our immediate purpose of testing them by re-analysis of the

5 Tu et al. (1) experimental data. The most exhaustive of the reviews is that

\‘ by Walker et al. (%) who paid particular attention.to mechanism -details, inter-
nal reaction, CO; and other reactions, and influence of radiation. For our

‘ purposes here, however, the nomenclature of the other reviews is more convenient,
2 and has tierefore been followed. : .

Y, : ’ ‘

’ 2.1 General Model - The classic picture .of heterogeneous reaction between a
. flowing fluid. and the solid it surrounds (e.g., (13,14)) is that of a three

\ stage process. (i) The reacting fluid diffuses through a boundary layer

3 against the counter diffusion’ of inerts and/or reaction products - e.g., Np,

) CO_, CO. (2) At the solid surface the reacting fluid is chemisorbed, requiring
activation energy of adsorption, E,. - (3) After a finite residence time, which
can be microstconds, the final re:%tion step is co mpleted with the desorption
of the . adsorbed material which carries with it the underlying atom: of the solid,
so forming tht rcaction products: this requires activation énergy, E,. The

! tothl process is then completed with counter-diffusional é¢scape of these -
products into the main fluid stream. This gencral process can then be treatad
mathematically by settihg up the simultaneous equations both for boundary layer
and. porc, diffusion and for the appropriate adsorption isotherms. These are the
subjects of the next two section.
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2.2 Diffusion - Potentially, this can operate in two ways: by boundary layer

(external) diffusion; and by pore ( internal) diffusion.

o — -~

(i) Boundary layer diffusion: The existence of this process is well P
established, and the process well understood; and, as a result of excellent
agreement between prediction and experiment, (15- 17), COnleQﬂCG in‘“the* absolute
accuracy of the alffu31on calcu;atlons fo;'comoust;on rates is’ now nlgh

respectively: in the main stream, and adiacent to, the solid surface. The
velocity constant, k_, is a function of particle size and general ambient
conditions, including temperature and velocity in particular. Standard analysis
of this system, following Nusselt (14), leads to an equation for k_ that may
e written as the temperature function: : ° {

n-1 :
kg = AO (T/T.) &) {

where A, is a velocity dependent coefficient, given below; and n is an index
generally iying between 1.5 and 2, depending on the nature of the diffusing

Zases involved. For oxygen in nitrogen, which is the dominant system in air-
.combustion, experiment gives the Lest value for n as 1.75 (18,19). The 4
coefficient A is given by: 2

) '

To treat dleu51on mathematlcaLly, we deflne a velocity constant for mass F|
transfer (transfer coefficient), k 0° by the equation: : M
R, =k (@, - Pg) ' . o 1

where p is the oxygen partial pressure, with subscripts o and s for values, g
!

<

(PoMc/Mo) (Do/d)Nu = K.Nu . 3

where ¢ is the s.t.p. density of oxygen; M, and M_ are the molecular weights .
of carb8n and oxygen respectively; D_is the s.t.p. diffusion coefficient of v
oxygen through nitrogen; d is the particle diameter; and Nu is the Nusselt
nunber for mass transfer. In general, Nu is a :Junction of the Reynolds and
Prandtl numbers that can be written

Nu = 2 + c.Re".Pr’ (wa)

where ¢ is a numerical constant, ranging in value (according to hoth the heat J
and the mass transfer literature (20,21)) from 0.18 to 0.7, obtained by correla-
tion of data. Grober and Erk (20), in their review of tne mass transfer data,

give only the one value of 0.6 (22). This is close to Khitrin's value of

0.7 (23), quoted by Golovina and Khaustovich (24). The Pr index, n, is given 14
by nearly all as l/3, but in any case the Prandtl number in this instance is

50 close to unity that its cube root can be taken as 1 with less than 1% error.
The Re index, m, is also given a range of values, from 0.5 to 0.8 (see (20,21))
in the heat transfer literature, hut again, the purely mass transfer literature
seems to agree on 1/2. This is given by Ranz and Marshail (22) and by Khitrin,
(23) and it is also the value used to correlate combustion data by Graham

et al. (25) and by Day (26). Walker et al. (4) do cuote lower coefficients

than this for various combustion systems “Dbut the systems are not isolated /
spheres, Taking the value of 0.6 for ¢, 1/2 for m, unity for Pr, and expanding
the Reynolds number into a coefficient and a veloc1tv we can rewrite eqn (4a) i
as:
_ 1/2 .
Nu=2+c'.v (4b)

where c' takes the value: 2.64 (at c = 0.6).

(ii) Pore diffusion: This potentially can play a part only in the event
of pore or internal reaction. I~ it doss so, however, it has been shown
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velocity congtants for
the eguztions to e

clsewhere (27,5) that its ef
adseoryiion and desorption
rveloved in the next section (
pore reaction as they stand, wi
velocity censtants i

t s to generate modiiiea
rocesses., This means that
2.3) are potentially capaile of accounting for
th the sole modification of using apparent

the true oneg, with awtiliary ecuations to
velate the truc and “etiJc constants. Thesc mo and auxiiiary equatioms
are .riven a tue iiterature (4,5,27), but we are not giving them here since, to
anticipate our conclusicn, we Lonnd 1o apparent or cci*cta,Ac influence of pore
diffusion. his was not entirely unexpected since the burn-off on the whole
was Tairiy low, and little development of imternal surface would have,had time
to take Ula“" An indicator to this result was also provided py the original
conclusion of Tu et al. (1) that the low temperature reaction was zero order,
with respeet to the oxygen partial pressure, whereas this would have been a
haif order reaction had internal éiffusion played a part.

©
Dr'

We therefore saw no point in quoting the pore diffusion equations. We
mzntion It heve CﬂLy to show that the point was considered and capabie of

t
[P
u

fon Isotnerm -~ (i) Basis of choice: To set up the eqguation for
‘ocess itseif recuires Tirst the selection of an appropriate
noice here has leen made partly on the tasis of the behaviour
isotherms and manipulation of the resulting equat:ons, and
sasis of Occams Razor (the Princinle of Minimwum ”ypOL“;SeSl.

Two OLle”ﬂg considered were the Langm ir and the Temkin isotherms.
lL Zen of an isotherm sionld e carried out v experiments tc test

5

a

Tmine t;c most pirotabic one, ut th For th
In generai, however, i literature shows that most experimentai
correlated on the basis of a Langmuir isotherm (22,29,30).

s has not yet teen done

Information based on the variation of activation energies is also incon-
cius-v;. I a Temi«in isotherm is involved, these enercies must change with
percentase coverage ol the soiid surface Dy the adsor.ed iayer Data on these

enersies, however, are oniy plentiful for the desorption proc LSS, for the

ddsorption process they ave very scarce. For desorption, the literature
(3,%,22,30) zives values ranging Ifrom 20,000 to 80,000 cal.; but these seem
pﬂ’ﬂc1wa11v to vary with the expe;;mcatal system, aﬂd with the type of carson
used: the changes are never coxplicitly attributed to clhange o; percentase
coverare. Fcir adsorption, it has aliready been mentio ned in the Introductiop
thet the valuve is expected fo e low. This is the summary conciusion -y

Tfanne"ﬁ (31) in view of the speed and ease of chemisorption at normal and low
(=70°C) temneratures. Trapnelil aiso quotes values from Barver (32) which start
at 4000 cal. at low coveraze, in agveement with Blyholder and Eyvring's, figure
(30) , and alsc in agreement w1t1 the rc-estimates (2) of data in the litérature.
Barrer aiso shows that the value rises with coverage, the nishest ficure he
found Leing 23,300 cai. At this degree of coveraze, however, the activation
energies arc anproaching those or- desorptlon, and it will Hc shown kelow
(Analysis sec. 3.3) that the effects of rising E, and falling E, with increasing
coverase ¢o in fact offset each other: - the actudl degree to wihich this occurs
can only ué “ctermined by experiment, and this has never cen done. This
occurs In the middie range of the isotherm. At the extreme limits, at hizh
and at Jow coverage, the two iﬁotharms in any event tend toward each other,
so tue offsetting effect of changing Ew and E, in the micdie region of coverage
wiil tena to restore a Temkin isotherm™at leaSt to a pscudo-Langnuir isotherm.
Jince the use of a Temkin isotherm renders the ejuations somewhat intractable,
and In any cvent has Wever zeen conclusively estal.lished, we' therefore decided
to use the Lnnqnujr isotherm (on the :asis of Occams Razor) since this involved
fower aad simpicn sumptions, thouzh tl:is use was still with the reservation
that, if an Zsotherm could e used successfully, it might still e only
a pscudo-igsotiwerm.
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giij Langmuir isotherw: This isotheom depends on only twe velo:ity coEstants:
one for the adsorption process, k,; and one for the desorption process, .
Both are assumed to be invariant &ith respect both to oxygen concentratio%,
and to percentage coverage of the solid surface by the adsorbed film. If the
gpecific reaction rate is RS (zn of carkhon/sq. cm. sec.), the Langmuir isotherm
then gives us (5) '

where p is the oxygen concentration adjacent to the solid carbon surface. The
velocit§ constants can be written in general as

kl ‘-Al.exp(-El/RI) (6a)

kp = Ap-exp(-E,/RT) (6b)
where the E's are the activation energies as already defined; and A and A

are the pre-exponential constants or frequency factors. Like E_ andlE,, A22
can only be determined experimentally for the particular systemlunder gon51dem+
tion; but Al can, in principle, be calculated from Kinetic Theory, which gives

A, = B AT/, (72)
and

B) = M Py 20MRT, : (7b)
where: P is the absolute total pressure (dynes/sqgq.cm.); M is the mean mole-
cular weignt of the ambient gas; R is the gas constant; andnis a steric,

orientation, or entropy factor for the oxygen as it is adsorbed on the solid
surface.

For reasons to be explained below (Analysis, sec. 3), it is convenient to
incorporate the root-temperature term in an appsrent or effective activation
energy Ej, whence we may write

k

1 = By-exp(-E /RT) VR 7% (3a)

]

B, -exp (-Ei/RT) ' (3b)

The objective of this is to reduce the temperaturg-dependent factor A; to a
temperature-independent factor B,, and hence to By, (=Bl/b, where b =73.9),
where the factors B are also independent of velocity.

g.q Combined Kinetics - To take all the possible factors into account simul-
Faneously, it is clear that we must set up the equation for the cambined kine-
Xics by elimination of the unknown partial pressure p_ by solving for this
between egqns (1) and (5) and equating. This gives thé quadratic:

2 . =

Rs - (kopo + k2 - kokZ/kl)RS + (kopo)k2 =0 9
This is already cumbersome: it is clear that if the expressions for the velo-
city constants (k) are also inserted, the eguation becomes totally unweildly.
There are then so many coefficients that the expression could be fitted to
anything at all, relevant or not. For this reason, we have tried, in our
Analysis (sec. 3, below) to consider special cases that can be legitimately
extracted, and to test the expression, unit by unit. For this reason we derive
two of the special cases of importance, in this sectio n, for use in the
analysis below.
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L (1) kp large: For this socc1al case,; we d1v1de the equation through by

i X, and, find that, when k_ is large, the two terms (R%/k ) and (kgp /K5) both

; become vanishingly smaii.? This icaves only the famil¥ar® re51stance" €quation:
. /R, = (L/k oP ) +(l/k» 0) ' "(10a)

' .

y o | = 5.+ 5 Qo)

P where 'S' “is the appropriate resistance.

The significant point of this equation is that the reaction rate is first
order (proportional to p ) whatever the relative values of k_and k;. This is
important as this resistfnce equation applies only when k i8 large, i.e., at
high temperatures. This was the central error of the original Tu et al. (1)
analysis since the authors started by assumi rg that the reaction was first
order, over the whole temperature range; they then showed experimentally that
the first order reaction was true only above 1100 or 1200°K, with a zero order
reaction eilow this temperaturc (as later corfirmed by others (33,3%)); but
» vet they continued to analyse the full data in terms of their only-partially
applicable ccuations., For these reasons, the activation energy was mis-identi-
fied, and the part played by adsorption in the high temperature region was not
appreciated.

—~-

e, o

N e

(ii) "k large' The orlglnal Tu Lt al analysis therefore was based on
the concepf‘%T"f"II chemical control at low temperatures, and full diffusional
control at high temperatures. This only follows if adsorption is so fast that

- ky 1$ very large, and we than hmve another special case of great imterest. For
ky large, the term (k k,/k.) in cqn. (9). vanishes, .and the resulting expression
then factorises: o= 4 .

i ~—

e

®g - k) Ry - kp) =0 : (1)

What this implies is that:. k, is controlling at low temperatures; kopo'is
controiling at high temperatures; »but, between the two, there.is no transition
K region. Change from one region to the other is quite discontinuous. There is,
of course, continuity in the reaction rate values; obut there is complete
discontinuity in the slopes of the two curves at the junction of the two regions.
Experimentally, this has been shown explicitly for. the carbon-hydrogen reaction
3 (35), -and implicitly for the carbon-oxygen reaction under such conditions that
the reaction is possilly that oy CO,, with the carbon, in a double film at the

N onset of diffusion (2u). :

L T

/w"

k i (iii) k, large:-.For this condition, inserted for completeness, egn. (9)
: reduces to the Langmuir isotherm.of eqn. (5), though with Py substituted for
) ps.- We can then write in the resis tance notation: : .

) ‘ . .

; /R, =,51 + 32 e S (5a)
\

N 3. ANALYSID

.,

) In this analysis, now to-be developed below, our essential obiective was

N to extract experimental vaiues, from the cxperimental data, in such a form that

it would then e possibile to check one dependent variable against one indepen-

, " dent one, according to the developed equations, all other variables rgmalnlng
! constant in the particular process Leing checked. This seemed to us to be the
only valic way of testing such involved and elaborate equations as those given
ahove, though it is conceded that the methods of extracting thc operating
valucs may perhaps be regarded as somewhat guestionable in once or two particulars,
Howcver, it is difficult to se¢ what other approach could have been adopted.
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The analysis starts with a re—presentat*on of the data.

3.1 Data Plot - Flg. l shows the plot of the orlg*na' Tu, Davis, and Hottel
data (l), but as an Arrhenius plot instead of the double- lor plet that they
~used; also using carbon surface temperatures as be1ng more relevant then
furnace temperature. .

= On this plot, the almost-vertical dotted line on the right is the kp term,
fitted to the data, with an activation energy (E;) taken as 40,000 cal. This
value was sclected as it gave a better fit to the data than the 35,000 cal.
quoted by the original authors; it was also closer to other values found for
electrode carbon (see (3,4,21)). :

The heavy lines are "back-plots" calculated according to egn. (9) using
values of the constant coefficients as determined by this analysis.

3.2 Empirical Correlation - If the calculated back- plots of Fig. 1 are care-
ifully compared with the orlglnaL curves drawn in the original Tu et al. paper,
which lattarwere drawn empirically, the two sets will be seen to follow each
other very closely. This agreement was quite fortuitous, bhut it so happened
that the original curves were of considerable assistance in providing us with
a starting point in the analysis. In the first place, the marked curvature of
the lines in the original plot showed that the limiting approximation of egn.
(11) clearly did not apply. Therefore, if any approximation applied, it would
be closer to a Langmuir isotherm; moreover, this expectation was strongly

" supported by the shape of the curves. These all have a common starting point
.at low temperatures, with "fine-structure" splitting at high temperatures due
.to LSoth oxygen concentration, and velocity. What, therefore, we had to investi-
gate was the possibility that the curves were rodified Langmuir isotherms,

- obeying a two-term equation of the form:

/Ry = 1/k, + 1/k, (12)

where k2 is identified from the start with the same k_ desorption step as in
the previous equations; but k2 is inserted emplrlcaliy This is initially
definad, also empirically, by:

: , _
k, = A;.exp(—E'/RT) . a3
where El 'is an effective activation energy that is 1dent1f¢ed below as the E.
of egn.  (8b), and so is written as such here; and Al is an empirical veloc1%y
and concentration-dependent coefficient or frequency“factor.

Our procedure now is: first, to show that this formulation has empirical
value in correlating the data, to reduce these to specifications in terms of
empirical equations, incorporating empirical definitive, coefficients; and
secondly, to show that the empirical definitive coefficients also have funda-
mental justification and meaning.

3.3 Data Fit - To correlate the data by means of ecn. (12), the method used
is illustrated in Fig. 2. This illustrates the method for just three of the
data sets: namely, for the three oxygen concentrations, 21.0%, 9.69%, and
2.98%, at the single approach velocity of 3.51 cm./sec. All the other data
were treated similarly (plots not reproduced). On these data plots, two

"fitting" lines were drawn, one equlvalcnt to a slope of 2,000 cal., for E:, e

and the other equivalent to a slope of 40,000 cal., for . Parallel to these”
two lines, further lines were drawn which were expected to be the limiting

assymototes of the '"Langmuir" curves when these were calculated and drawn in on
top of the data. For the data of Fig. 2, this gave us, as can be seen, four
such fitted lines, three for the slopes of E , and one for the slope of EZ

:

N

Ny,
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As mentioned adove, the k_ line was retained as common to all the data (common
A, and E,), for all velocdties and oxygen concentrations, but there were nine
diffcran% values obtained of the ,empirical frequency factor A2 , though at the
common value of 2,000 cal. for . This splits the data into temperature-
dependent, and temperature—independent groups or coefficients (i.e., exp(-EART)
and A). : . .

M e B e O

Once the k, and k' lines had been drawn in, the "Langnuir" curves were
casily ‘calculatcd and arawn in, as shown in Flg 2. Beeause this was an empiri-
cal procedure, several tries were required for some of the lines to get a
placing of the k. line that would give the best looking fit (by eye) of the
Langmuir curves %o the experime ntal-data. In this fitting process,.a value of
4,000 cal. was also tried for E. ,-but the fit given was very poor in comparison
to the finalily-adopted value of ZDOO cal. Two other vaiues for E, were likewise
tried: 35,000 cal. as proposed by Tu et al., and 58,000 cal. as proposed
by Wicke (36). It was found by this that, within the limits of the experimental
scatter, the fitted curves were somewhat imsensitive to increase of E, above
40,000 cal. (the value finaily selected), hut the finally selected vatue seemed
to be the best compromise between the slightly conflicting demands af all the
data sets. It can also be seen, however, on both Fig. 1 and 2, that the final
Langmuir curve has a long traverse at the lower temperatures, particularly for
the 50.0 om./sec. line at 21% oxygen, that has very little curvature and,
wit.iin little ervor, a straight line could he drawn in, as an approximation,
that would have an cffectlve siope of close to 35,0800 cal. This would appear
to Le.the origin of Tu et al's .figure of 35,000, and therfore substantiated
our conclusion that our vaiue should exceed t eirs.

T N St w e e
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One final point can also he ;;Lustrated on Flg. 2. If we accept that the
vaiue of Ey wiil rise, and E, will drop, with increasing surface coverage,
(i.e., decrcasing temperatur®), the effeet is shown in Fig. 2 by the dotted
curved lines. It is quite clear from this that, in plotting out the composite
Langmuir curve, the two tendencies could very well offset each other, as'r
described above, thus restoring what might bhe a Temkin isotherm to a pseudo-
Langmuir isotierm. This helps to justify our procedurc, at least fram the

T,

—

;\ empirical point of vicw.

) 3.4 Identification - The procedure outlined above demonstrates that the data
gx c?n'be described, to some degree of accuracy, by eqgn. (12), with the k_ and

\ k_ components described by egns. (6b) and (13). Now, if the experiments had

“  a?l been carried. out at temperatures in excess of about 11007K, and had been,
g continued to higher temperatures still, the k, term would have been relatively
*y unimportant, and the data couid have bhen described empirically by the k term .
K alone.. If, therefore, we now concentrate solely upon the k! term, what our

¢ Ffitting procedure has done is to correct the data for the k5 component, and

3 it now allows us to treat the data as if thc k, term were very large - i.e.,the
low temperature resistance, S, is very small.” But, under these circumstances,

\
7 the original eqn. (9) rcduces to the familiar resistanue approximation of

% ecn, (lO), whicihi can be wrltt;n in the alternative form:

I

N R, = klp / (L + % /k ) (for k large) . aw

" and this can now be compared w1th the melrlcally derived equatlon'

. St o ) ,
x\ . Rs X, Az.exp( El/RT) (15)
3 this being the contraction.of egn. (12) when k, is very large. The A7 coeffi-
cicents are tomperaturce independent, LHut still aoncgntration and velocity depen-
dent. IF, therefore, the empirical coefficients A, have any fundamental justi-
fication, we must be able to set up an identity hetween eqns. (14) and (15).
Testing this presumed identity is the subject of the mest of this section (3).
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3.5. Concentration Propectivs of Empirical Co fficient A; - The identity

3

between eqns. (1) and (15) may be simplificd by writing:

By =Al.D (162)

o
fand so R. =

S

[WLANIRRTE

(16b)

&

o
whenee, if. the identity holids, the new empirical cocfficient-A] shouid now b
indcependent of tempirature and oxygen concentration, and dcpcnaunt only upon
velocity. This can L¢ substantiated, in the first instance, oy tusting the
relation of can. (16) against the oxperimental data. his can only %e done for
the two lower veloeities, at 3.51 and 7.52 cm./sec., but the resuits, shown in
Fig. 3 support the identity. For complotiness, cgn. (16) has been assumed to
hold for the other three veloeitics, even though measurcments were made only at
one oxygin concentration, and straight iines for thesce three velocities have
also been included. The slopes of these lines give the cmpicical coefficients
Al, which should now be functions of veloecity alone, with the temperature and
concentration dependence climinated.

1
3.5 Values and Properties of Empirical Coefficient A: - The variation of A,
with velocity is shown graphicalily in Fig. %}2 also shown, for rcasons that™
will be developed, is its variation with v . This variatinon with the¢ square
root of the veloeity follows from thu iden%ity between Ai and Xy, which now
rcduces to

R, = Ai.po.cx'p(—Ei/RT) = By .po-exp(-E1/RT) / (1 + ky/k)  (17a)

or AL =By / (A + ky/k) (175)

This formally incorporates the identification of E. in egns. (8b) and (13) as
being the same in both cases. It will be seen immédiately from this that, if
the adsorption rate is imdeed very fast compared witn the transport rate, ko,
then the ratic kl/ko would be large compared with unity, so we wor}g get Al

proportional to k_: hence - from emms. (2), (3}, and (¥) - to v, . The

significant curvafurc on the square-root plot of Fig. U4, substantiated by later
plots, shows that k, is not very large compared with k_. However, before these
additional plots cafi be @xamined, onc further point concerning the temperature

dependence of the identity must be investigated.

T
3.6 Temperaturc Dependence of Empirical Coefficient A, - By the method of
derivation, the coeificients AJ and A] arc necessarily defined as being tempera-
ture independent. It is apparént, hoWever, from the proposed identity of
eqn. (17b) that the right hand side of the identity still contains temperature-
dependent terms. The coefficient B! is defined as being temperature indepen-
dent; the dependency is incorporatéd solely in the two velocity constants,
ko and k,. Since the two constnats appear in their ratio, Kka/ky, whit we must
establisﬁ, for the identity not to fail, is that this ratio has negliginle
temperature dependence. From eqns. (2) and (8b) we can write:

= ! 3
}‘o/l\l (Ao/Bl) .f (13a)
where £ = (T/TO)O'?S/exp.(—Bi/RT) (135)

1
the quantity, f, heing the temperature function ratio. Taking E, as 2,000 cal.
this temperaturce function ratio has been calculated out for the temperature
range 900 to 1700°K, and the result of the calculation is shown graphically in
Fig. 5. It is clear from this that the ratio is very constant indeed. For

the range from 1000°K, the value of the ratio can se taken as 7.1 * 0.1. This /

represents less than 1.5% variation which, compared with the scatter of the
orlglqal expc?imental points, is gquite acceptable. This confirms that the
coefficient Al has now been rceduced to a function of velocity alone.
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”hl_;"”__ endenece ci Empisical Coefficient A - By using the tempera;ure
, We may now re- ~write e- . (A78) in the form:
l/A (1/31) + (1/fA)) {(19a)
o = (]./Bl) + 1/£.K@ - e’-f‘Tc;) (A90)

Thc only variable terms now loft in this are: the *ndependent variable of
tocity, v _; and the dependent variable, A., obtained by rcduction from the
LV“LClmGntai data. Eqn. (19) is not a function that can be tested directly
as it stands tut, as a first approximation, we may assume that 2 is small
compared with c'w vy . The appropriate plot to test this is given in Fig. 6,
which like the square-root plot of Fig. 4, also shows detectable curvature. In
point of fact, apparently good-fit straight lines could have been run through
both plots but, when this was tried, there was then an inconsistency amounting
to an order of magnitude in the valucs of the ordinate intercepts of the two
plots. By successive approximation hetween the two piots to remoee the
inconsistency, an ordlnate intercept in Fig. 5 of value 103 was finally adopted

for the quantity 1/B' This value was then used to test the following final
arrangement of can. lgb):
1 1 . '
v [aa) - (1/131)] = 2fK + (fke ) Vg (19¢)
This firel equation was tested v the plot of Fig. 7. This shows that_the

function is satisfactorily obcycd with an intercept of value 0.6 x 1077, this
being the value of the quantity (2£K).

This ;unctlonai agreement thus suustantlatcd the identity of the empirical
coefficient I1 with the theorctical guantity B /(1 k. /Vo)a as in egn. (L7L).

3.8 Coeificient Vaiues - What we have now established is that the proposed
eguations have the correct functional form, which therefore provides gualtative
susstantiation of the picture developed. However, the graphical plots do more
than this: they also provide experimental values, by way of slopes and inter-
cepts, of the various coefficients invoived, and these experimental values can
now ¢ compared with the values predicted from theory. In general, these will
De seen to show agrgcment Le*ween prediction and experiment that varies from
adequate to excellent.

3.3.1 Diffusion and Velocity Coefficients - (i) Zero velocity: At zero
velocity, we get the limiting value of 2 for the Nusselt number. Physically,
this represents the situation where the particle is surrounded by a totally
guiescent diffusion fiim excerting its maximum influencc. To compare theory
and experiment, the experimental coefficient relating to zero velocity is the
ordinatc interecpt on Fig. 7. From this plot, this intercept has the value:
0.5 x 103, By eqn. (19c), this value is predicted by ti:¢ quantity (2fK);
i.e., 7f(p MM % (D /d) Taking the following valucs fer these quantities:
¢, as 1.u3% 1O c,/c c. Mc and MO as 12 and 32 respcetively; D as 0.181
sq. cm./séc.; and d as 2.54 em.; we have K = 3.83 x 16-°2. Since f, from
Fig. 5, has the value 7.1, we aiso have

-5

{i

predicted vaiue: 2fK = 14.2 x 3.83 x 10

0.545 x 1073 comparcd with

1§

» experimental value: 0.60 x 1073
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This agreement is clearly acceptable. It is, however, no more than we
‘now expect from diffusion calculations in view of the excellent agreement
already obtained elsewhere (15-17) using sueh calculations. Confidence in the
accuracy of diffusion calculations is now very high,

(ii) Finite velocity: In the following system, the agreement on coeffic-
ients is as good, though the order of -agreemént depends on whose equation is
chosen from the literature for comparison of ‘the coefficients; there are also
two points that ‘can be queried about the method of the theoretical calculation.
To compare theory and experiment, we have in this instance the comparison of
the values_for the slope of Fig. 7. The experimental value, from the plot, is
0.725 x 10°. The predicted value is given, again from eqn. (19¢), by its second
term,. as: fKc',  The value of fK is given above as 0.2125 x 10-3; and for c'
is given (from Ranz and Marshall's data (22)) under eqn. (4b) as 2.64%. Hence
we have:

it

0.2125 x 1073 x 2.64

predicted value: - fXe!

]

0.7175 x 1073 compared with

experimental value: D.72§ X 10~3

U

]
1
11
[

This agreement is also excellent. The only reservations on the predicted
value are concerned with: the use of the s.t.p. gas viscosity in evaluation
of the c' coefficient (in eqn. u4b). Since the gas viscosity increases roughly ,
in proportion to the square root of the temperature then, taking a mean tempera-

“ture of 150009K, the correction factor to be applied is division by the fourth ;
root of 1500/273. This gives us about 1.5. However, we should also correct
for the increased velocity past the sphere at its perpendicular diameter to the
gas flow due to the constriction of the tube. . This gives us a multiplying
correction factor, for both corrections combined, of about 0.75. If, however,
we then use Khitrins coefficient of 0,7 (23), instead of Ranz and Marshall's
of 0.6 (22), the correction factor is about 0.9. This would still put the
agreement between the predicted and experimental values within an acceptable
10%, but quite clearly, the possibilities of selecting values that will fit
becomes so wide that better agreement finally becomes meaningless.

—
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3.8.2 High Temperature Rate Coefficients - (1) Energy of Activation, Es: The
choice of apparent energy of activation, E,, has been fully discussed above.
This is not a quantity that can easily be predicted from first principles. A
few have been (e.g.: adsorption of H2 on carbon (37)), but no simple general
~method yet exists.

o™ Ol

The apparent value is related to the true value by eqn., (8). The effect
of dividing the Arrhenius exponential by~/T/T, is to reduce the true value by
about 1400 cal. By calculating the quantity exp(-E,/RT) x N/T/To, and making
an Arrhenius plot, a value of 3,400 cal. was obtained for the true activation
energy E,. This is clearly in line with the values given by Blyholder and
Eyring (50), and by Barrer (32) for low arca of coverage; it is also in line
with the estimates made elsewhere (2). Another interesting figure can be :
extracted from the low temperature and pressure studies of Laine, Vastola, and
Walker (38). They quote activation encrgies of 44,000 cal. for carbon gasi- ,
fication with oxygen, and 36,000 cal. for the simultaneous oxygen depletion.

As with Gulbransen and Andrew (39) (whose respectove figures were: 0,000 and ﬂ/
35,000 cal.), these represent respectively the values for the desorption ;
process alone, and for the total reaction. If the latter figure is the value |
of (E2 - El), then we have a subtraction, values for El of 8,000 and 5,000 cal.

~a L

N ve aa
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f?om Laine ¢t al. and Gulbransen and Andrew respectively. Both figures are in
, linc with Barrer's values (32) at low to medium coverage, and the higher is
close to Bannerjee and Sarjants value (40) of 8,300 cal.

(ii) FEregquency factor: This is the quantity A,, or B, as the temperature-
independent form of the coefficient, given theoretic%lly by egn. (7). It is
related to the experimental gquantity, B., through eqns. (7) and (8). The
experimental value of By is 0.01, obtained as desecribed in sec. 3.7 by -
Buccessive approximation. By eqn. (8) we get, for B,, a value of 0.039. This,
’ however, is substantially lower than the predicted_value of Bl when the orienta-
tion cocefficient is unity. Taking P as 1.013 x 10° dynes/sq. cm.; M as 30;
and R as 8.37 ergs/degree mole; we get a calculated value of 5.89 for B,.
" Since this is substantially above the experimental value of B, we may reasonably
infer, following Laine ¢t al. (38), that the difference is dut to the orienta-
« tion or steric factor,,. This can be calculated from the identity:

h

-

Bl(exptl.)/Bl (predtd.)

.0.039/5,38

il

1/150

5 This is witin a factor of 2 or 3 of the values for ! given by Laine et al. (38),
i which ranged from 1/56 to 1/83. If the adduced explanation for the discrepancy
) between the two B, values is correct, the values of are at least in order of
magnitude agreemefit.

3.8.3 Low Temperature Rate Coefficients - Little need be said about the low
N temperature coefficients. The identification and interpretation of these has
never been in dispute., The, values of A, and E2 adopted, as described above,
ki of respectively: 1.05 x 10 g/sq.cm.seg., and 40,000 cal.,are in line with
} other values given in original papers and reviews, to which reference may be
Y% made fer comparison. '

" . DISCUSSION

) 4.1 Guncral - What these results clearly establish, to our mimnd, are: first,

k the generai valiidity of the approach; sccond, substantiation of the high

N reliance that may bhe piaced on the diffusion calculations; and, th:ivd, the

. dcgree of confidence to wrhich the guoted equations may be used for calculating
m2ss transfer in a flowing system. Given these, the most important final

N\ conciusion that may be drawn is the relative importancc of the high-temperature

i rosistance, Sl, in comparison with the difFfusional resistance,$ . This final

™ point is now amplified in the sections following. o

»j 4.2 Resistauce Rutios - (1) 8/S : To show the rclative importance of S;

y to SO, it fermer has hiterto weBn generally neglected as too small, Fig. 8
\ showS a piot ol their ratio as a function of velgeity. The single line given
>
\

is valid over the temperature vange 1100 to 1700°K, to witinin about 1%, it
is also independent of oxygen concentration. This shows that, over the velocity
range of the experiments, the resistance ratio rises from 0.18 to 0.57. As
} percentages of tie total reaction resistance, these figures show that §, rises
N from 15% to 36%, waich elearly is not negligible. This confirms the coficlusion
drawn frcm (11) that continuity in the slopes of the curves can only mean

that S5y is significant.

N

AN - B
At zcro velocity, the ratio does becom:- .. 'y small, dropping to about 20:1l.

This however, is truc only for these very lam; . spheres. Since S, 1s propor-

tional to the sphere diameter, d, by egns. (IL1, (2), and (3), we then have

that the resistance ratic is inversely proportional to the diameter, d. Thus,
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even in a guiescent. system, G
the resistaiice ratio up to 2 to
value. At 250 mieronz, The ,ragi
resistance; and at 25 microns, or pulverised coal part*c'e size, the. diffusionai
resistance, S hecomes ‘vtally unimportant, in acreement with orev1ous preGcic-
tions and cailula tions (u*,nz) (a lso s@e ‘elow) ) - )

tion of ¢ from one Znel vc 2.5 mm would raise
: .., the two wculd »e comparable ir
goes to 20 to 1 in favour of the cnemJCa1

<

If, on the other hand, the high temperature frequency Factor, A, ever
attained its full theoretical valuz, the S, resistance would not Lhecome
important till the particle size dropped below 100 microns.. Above this, it
would not matter. This may weil have been the case for the carbons formed.
in situ from burning coal parxlc¢es since no evidence of a chemical resis stance
was ever found (15-17) for particles ranging in size as ilow as 300 microns.
This suggegsts that Ay may depend as much on the inherent reactivity of the
material as 1t does on any accomodation or orientation factor.

(ii) S /“ This alternative plot is-shown in Fiz. 9. In this instance
the two r951stanccs are 1ndepcncent of velocity, but are very strongly influencer
by temperature and oxygen concentration. Even so, the two resistances are
equal, over the range 5 to 21% oxygen, at a temperature of around 1200 = lOOOK;
and there is substantially change from 32 eontrol to §; control (if S5 1
absent) in the temperature range 12000k 4 2000 For the 1" spheres,
inspectinn of Fig. 2 indicates a transition temperatume of about lOOOOK © 2000
(cf. data in Review (3)), thus implying a surface oxygen concentration (p g) of
1% or less. Since the:oxygen’ concentratlons can be read as surface values
(d.e., of p ), rather than main stream values, the progressive reduction of the_
diffusion 1gyer due to a rising veloeity, or falling partlcle size, 1s seen
to increase the surface oxygen concentration, and to raise the transition
temperature.

4.3 Small Particle Behavior and Other Data - iAs mentioned above, the diffusion
resistance, S_, necomes neglane as the Qartlclm size drops delow 100 microns.
Small pqrtlcle sehavior, as in pulverised coal :flames (9), or soot particles

in cracked hydrocarbon flames (10), can therefo®e be evaluated from eqn. (10)
and Fig. 9. According to these, we should find that, cven in the most favora®tle
conditions for the resistance S,, the & $; resistance should predominate above
14009K. Data (9,10), however, show that high activatiop energies, of about
40,000 cal., ean be adduced over the range_ 1300 to 1700 K. This, of course,

is quite feasible if the Sl value for partlcles formed from coal in situ can -
indeed drop by a factor of as discussed above. At 5% oxygen concentration,
the §, resistance would not drop below 10% of tae totaT resistance till the
tempefature exceedéd 1900°K.

Such behavior would satisfactorily account for the results obtained,
except that both reactions are claimed to be~first order. A possible reason
for this further discrepancy may be that there is_even a fourth resistance or
mechanism coming into play at the higher temperatures Smith and Gudmundsen
(43) measured burning rates of sma]l spheres, 2 or 3 mm in diameter, at tempera-
tures ranglng from 1450 to 1750 K. At the lower temperatures in thls range
the reaction rates obtained substantially agree with prediction from the
equations developed in this paper, using the samec experimental coefficients.
The initial slopes of the curves with respcet to temperature are also similar;
but above 1650°K where Tu ct al. had very few data, the slopes of the Smith
and Gudmundsen curves incrcase v very - rapidly indeed, w1tH the activation enetgy
ev1dently high. Golovina and Khaustovich (24) have shown the same effect, y
also using spheres of very similar diameter to those used =y Tu ( of 1.5 em.) "~
and ¢in a 60 cm./sec. air flow. In agreement with Tu, the reaction rates rose
fast up to 1000 or 11009K, then levelling off at about 30 x 10-5 g./sq.om.sec.’

- B i o B el e . o
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(¢ Fege ). Then, in ar “etmcnt with Smith and Gudmundsen, they rose fast
asain ovel the tem DLnature range 1400 to 17509, rising to about

70 x 1075 g./sq.cm.sec.;  but then they levelled off again, with calculated
rates in aﬂrttneﬁt with a double film diffusion system this being maintained
Lp to the experimentalltemperaturc limit of 3000°K. :

This phenomenon shown by Smith and Gudmundsen (43) and by Golovina and’

Khaustovieh' (24) in the temperature range 1500 to 17009K may, - therefore

account for the Lee et al. (10) anomalies, but clearly this is a region now
vecquiring examination, both theoretically and experimentally in much greater
dctail. -

-

5. CONCLUSIONS

From this analysis, of the Tu, Davis; and Hottel data (1), on the burning
rates of 1" carbon sphercs, presented in this paper, we conclude that:

[

. The three-resistance concept of: boundary-layer diffusion (S.), activated
adsorption (S,), and desorption (5,), which are deemed to take place
physically in series, is essentialiy correct.

2. At low températurcs (below 1000°K) the desorption resistance (S,) predomin-
ates, and the recaction order is zero., At high temperatures, (above 1000°K),
the diffusion and adsorption resistances (5 and $,) are both, simultaneousl:
important, -and the reaction is first order.® For the 1" sphere. at low

- velocities, 87 is the fower of the two resistances, being 1/6 of §, at
3.5 om./scec, gas velocity; hut rising to 1/2 of §, at 50 cm./sec.

3. At higher velocities, or smallewr partlcle sizes, the diffusion re51stance
S,, becomes progressively less important. In general, it should be po501ble
to neglect it with little error, at particle sizes less than 100 microns
{pulverised coal size), even in quiescent ambient gas conditions..

4. The reciprocal of the thrce resistances are related to the velocity constants
of the three precosses, given generally by:

T 0.75
‘1/8, = K Py = AgePg. (T/T) -

Sy ,
l/sl»—‘klpo = Al.pd.exp(—El/RT) = Bl.po.exp(—El/RT)
l/S2 = k2 = A .exp(—E /RT)

the cocfficients A And B! being glven by eqns. (3) and (7) A is
velocity dependent, anﬁ tcmpcr&turc independent; is temperature Sependcnt

and velocity independent; and B~ and A are both témpe;ature and velocity
independent.

5. The reiation betwcen specific reaction. rate (R.) ‘and thc veloc1ty constants

'3 ziven by the guadratic of eqr. (9) However, the:data ‘may’ be approx1matc’
by the modified Langmuir isotherm.

. . '
l/Rs = (L/kl.po) + (17ky)
where - : ki = A;.exp(Ei/RT)
A and E! are cmpirical qunﬁtitteo determined by experiment. - by

definition, is independent of both temperature and oxygen contentratlon
but is velocity dependent.
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6.

>

- desorption activation encrgy (true) = 40,000 ca1 ./mole
- temperature function ratio: (T/T ) 75/exp( E /RT) value = 7.1
- velocity constant

- velocity constant for diffusion = AO(T/T0)0'75

The empirical activation energy, EI, is identified with the effective
activation energy,. obtained Lrom first principles, after combining the

T1/2 term of A w1th the. E erm in $. (E belng the true activation energy).
The value of" tﬁe effectiver energy,_ % 1slfound 1y best fit to experiment

“to have a value of:.2000 cal./mole. ﬁy calculaticn from this, the true

value, is 3400 cal./mole, in adequate agrcement w1th other values for
this ouaﬁtlty in the llterature

The empirical frequtncy factor A,, is 1dent1f1ed w1th the theoretlcai
group obtained from flrst pr;nelp*es

Al =B/ (K /K) ' @),
From this, the following relation with velocity is ohtained:

(/A - /B l)J = 2fK + f&c.]/ - (19¢)

Comparison with experiment confirmed the functlonal form of this equatlon
and excellent agreement was found between the predicted and experimental
coefficients involved in the diffusion and velocity components of the
calculation.

Agreement between the predicted and experimental valiues of the A; and B
frequency factors are in error hy a factor of 150. This is attributed
to an orientation or steric factor, #, for which other values in the .
literature are in the range of 50 to 80. For this identification,
agreement is therefore adequate. :

A final point developing from this analysis is an amyiguity or inconsistency
in higher temperature data, obtained by othters, that just overlap in their
bottom ranges with the top temperature range of those optained by Tu et al.
In the overlap, the data agree; -but at higher temperatures, ieyond the
overlap, the data show a much more rapid risein reaction rate than the
equations and mechanigém should permit. This phenomenon requires further
study. -

6. LIST OF SYMBOLS

- freguency factor
- " v for diffusion = K.Nu

- - " for adsorption = M P7,/y

" - for desorption

-~ first empirical factor = B / (1+k /k )
- secepd empirical .factor = A

conversion factor (numerlcai) in By = b. B value 3.9

- adsorption frequency factor (temp. indep. ) —-Al.rJT/TO
- effective adsorption freguency factor = B;/b

- numerical constant in Nusseit/Reynolds No. eguation
- revised value of ¢ for velocity eguation = °V¢§;7;-

- particle diameter (this paper = 2.5 cm.)
- diffusion coeffieient at s.t.p. (for 0, in N, = 0.181)

- adsorption activation energy (true) - 3400 cal/mole

Nk A

[ VN

/

- empirical and effective adsorption activation energies = -2000 cal./molc
7
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i kl - velocity constant for adsorption = Al.exp(~El/RT)

‘ k2 - g it for desorption = Az.exp(—E,/RT)

’ ki - Tfirst empirical velocity constant i

; ké - second empirical velocity constant = kipo

f K - diffusional constant group = OMC/MO) (Do/d)

i 2 g‘ general indices, for Re and Pr numbers

P M, - molecular weight of carbon _ L
M, - molecular weight of oxygen

. Nu - Nusselt number for mass transfer

" Py - oxygen partial pressure, main stream value

v

- oxygen partial pressure, solid surface value

P

P - tMamewame(laUms)
Pr - Prandtl number
R

R

-t

Tu, C.M.; D-vis, H.; and Hottel, H.C. Ind. Eng. Chem. 26, (1934) 749.

s, Re - . Reynolds number

‘\ s - specific reaction rate - g/sg.cm.sec.

So - diffusional resistance = 1/k,p,

i Sl - adsorption resistance = l/klpO
1 S, - desorpticn resistance = 1/kp
; T - temperature (aksolute)

) TO - s.t. .

Ny Vo - s.t.p. gas velocity
L' po - s.t.p. denmsity
bt n - orientation or steric factor in adsorption
i A - gas viscosity
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