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Li n ar Stabi 1 ity of Rev r se Combustion 
for In Situ Coal Ga!>ification 

by~/illiamB. Krantz
l 

2 
and Robert D. Gunn 

ABSTkACT 

A 1 inear s labil ity analy s i s of reverse combustion in coal has shown that the process 
i~ only condition ~ lly s table. The reverse combustion 1 inking process i s unstabl e fo r 
the subbituminOl'~ coal properties of the Hanna No.1 seam and for the operating condi­
tion su tilized during the Larami e Energy Research Center's in s itu coal gasification 
fi e ld tests condu c ted at Hanna, Wyomin g. With the aid of seve ral simpl ifying assump­
tions, a unive r sa l n ulral s tability curve i s obtained; that i s, the locu s of the dimen­
s ionless neutrally stab l e wave l engths (comb us ti on finger dia'Tleters) is a unique function 
of 2 s in g l e dimensionless parar,'e ter involv ing heat removal fro m the combustion front and 
heat generated at the front. lhe curve desc ri hing the most hi gh l y amplified wave l eng th 
prov:des an estimate of the dia me ter of the combustion fingers, 2.9 fe el , which i s in 
good agreement with estimates based on thermal fi e ld test data. The analysis also pro­
" ides insight into how high pressure air r eq uir emen t s can be scaled for the reverse 
co~bus tion linkin g process for different we ll spacing. 

I NTRO DU CT ION 

The lin ked vertical well process is one 
o f three in situ coal gasification proces-

es being considered in the U.S. a t Lhis 
time. Thi s process emp loys a reverse com­
bustion lin k t o devolatilize d po rti on of 
the coal seam to effect a highly permea~le 
path for the subsequent forward combus­
tion step. The first field t ests of this 
process in lhe U.S . , which were conducted 
at the Hanna. Wyoming, field site of ERDA 
Lara mie En e rgy Res~a rch Center, s uggest 
that the reve rse combustion process has a 
rathe r poor sweep eff ici ency, whereas th e 
fonoJard combustion step has a remarka bl " 
high (c ir ca 85 %) sweep efficiency. Thdt 
i s , the rever~e combust ion step appears 
to deve lop a combustion front which 
fingers rather than ca rbonizes all the 
coal via a smooth planar fla me front. 
Howeve r, this fingering of the reverse 
comb ust ion link appears to be beneficial 
to the overall combustion process because 
it relatively quickly provides a few high­
ly permeable paths (fingers) for the com­
bustion gases to escape during the subse­
quent forward combustion step. 

The tendency for reverse combustion to 
finger end forward combustion to burn in 
a planar fashion presumably is related to 

the s tabi 1 it y of these t wo combustioll 
pr ocesses; that i s, thL tendency for re­
verse combustion to develop d wave l ike 
fingered structure i s somewhat ana la gous 
to the endency of a body of water to dev­
elop waves under the action of the wind . 
Plain and simp l), a wa ve l ike structu re is 
more attractive t o the process from an 
energetic standpoint. 

An understanding of the s tabil ity of 
the reverse and forward in s itu combust ion 
processes would be invaluable for sca l ing 
-u p and in,p roving this process. For ex­
amp l e , the present field s tudies at Hanna, 
Wyom in g, have been conducted with a we ll 
spac in g of s ixty feet at a reverse combu­
s tion air injec ti o n ' velocit~ averaging 
70 to 100 ft3/ft2 hr. Under these condi­
t ions , the reverse combu s tion step appears 
to be unstable and to develop fingers 
having a wavelength of approyimately three 
feel. Clearl y , it is desireable to in­
crease the wei 1 spacing for commercial 
scale gasification in order to minimize 

lDept. of Chemical Engineering, University 
of Colorado, Boulder, Colo. 80302 and the 
Laramie Energy Research Center, Laramie, 
Wyomi ng 82071. 

2Dept. of Mine.-al Engineering , University 
of Wyoming, Laramie , Wyoming 82071 and the 
Laramie ~nergy Research Center, Laramie, 
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the dri l ling costs. Howeve r. it is not 
ob vi ous how to sca le-up th i s process for 
wider we ll spac i ngs. If the fin ge rin g 
process i s beneficial to the r eve r se com­
bust ion li nk , then it may be importa nt to 
keep the finger s ize the same . Stabil i ty 
theo ry wou ld suggest tha t the finge r s iz e 
i s st rong l y dependent on the a ir injec­
tion rate. Thu s , i f finge r size i s im­
po rt ant or perhaps can be opt imized, it 
is of value to d isce rn prec isel y how it 
depends on the va r ious parameters of the 
process. 

A stab ili ty analys i s of thi s p roc e~s 

may also provide usefu l informat ion as to 
the value of l aborato r y bench-sca l e ex ­
pe ri me nts for determin i ,g the propensity 
o f these combustion processes !o finger. 
For examp l e , some laborator y stud ies i n­
d icate that the reverse combustion pro­
cess is stab l e, whe r eas fie l d tests in­
d ica te the contrary. The exp l anat ion f~ r 
th i s may 1 i e in the fact that the re­
verse combustion process may be unstab l e 
on ly to very l ong wave l ength fingers 
whic h a r e fa r too large to obse r ve in 
l abo rato r y reactors. 

I t :s c l ear that the confidence loJe can 
pl ace in scal ing-u p f rom test s it e ope ra­
tions to comme r c ial sca i e ga~ ifi cation 
depends on a thorough understanding of 
the ent ire in situ coa l gasification pro­
cess . The propensity to finge r, or in­
stab ilit y of the combust ion fr ont s, is a 
poo rl y und e r stood but nonethe l ess very 
s ign ifi c2nt aspect of this process whi ch 
demands furthe r s udy. A mo r e comp l ete 
unde r stand in g o f reverse combustion ap­
pea r s espec iali y impo r tant because the 
Sov iet 1 it era ture indicates that in some 
cases attemp t s to es tabl i s h a rever se 
combustion lin k failed in as ma ny as 30 
pe r cent of the vle ll s used . Mass ive 
fa ilure on thi s scale would se ri ous l y 
disrupt anycornme rcial gas if icat ion pro ­
ject . Thi s pape r I-;ill consider the stab­
iii ty of the r everse combust ion step in 
the 1 inked ve rtica l wel l process. The 
s tabil ity of forward combust ion wi ll be 
exam ined in a subsequent pape r. 

STABILITY THEORY APPROACH 

Our principal conce rn in thi s paper i s 
the tendency for fingering of the flame 
front in the reverse combust ion step in 
the in situ coa l gas ification process. 
This fin gering, in turn, is r elated to 
th n stab il ity of ~he Lombusti on process . 

Stab iii ty theo r y at tempts to de t e rmin e 
l'lhelole: the equ a tions desc rl b ir.g a phys i­
cal sys t em have a tendency to depa rt from 
the ir o r iginal s tat e when the de~endent 
va ri ab l es are pe rturbed . In a physica l 
sense, these per turbati ons emana te f rom , 
say, f l Ol'1 rat e pu l sa ti ons , s li ght heter­
ogene iti es in the po rous ~edia, minut e 
var iat ion s in the heating va lue o f the 
coal. e tc. rhe question tha t stab ili ty 
theo r y seeks to answe r i s whe the r a pro­
cess , when subjec ed to pertu r bations, 
I·lill retu rn to it s undisturbed sta t e o r 
will gravita t e to a new state. Phvsic ­
a ll y , the neloJ s tat e cou l d be a fingered 
rathe r than a smooth plan 2r combustion 
front. Stab iii r t.hE'o r y a tt empts t o 
dete r mine wheth _I' a process is stab l e o r 
'lot . and the prope rti es of an ;' unst ab l e 
process. These prope rti es includ e th e 
propagation o r growth rat es of the dis­
tu r bances (f in ge rs,) and the ir wave l eng th . 
The manner in which these properties de ­
pend on the process va ri ab l es i s of par ­
amount importance in stab il it y st udi es . 

In summary . then , th i s ana l ys : ~ of 
reverse combust ion stabi 1 it y i s in .end ed 
to anSI'ler mo r e than the s imp l e ques tion of 
wllethe r the process is sta ble o r un stab l e. 
Othe r important quest ior s are: (1) If the 
r everse combust ion process is unstable, 
can it be stab il i zed . and, if so , under 
what cond iti ons? (2) What i s the dia­
mete r of the fin ge r s fo r me d during an 
unstable r everse comb ustion process? (3) 
Can ai r r eo uirements for the lin king pro­
cess be predicted, and how a r e ai r r eq uire­
ments r e lated to coa l prope rti e r and we ll 
spacing? (4 ) Can the s tabi 1 i ty ot L,, _ 
r eve rs e combustion proceS5 be s tudied v ia 
l abo rato ry bench sca l e expe ri men ts? 

RELATED STAB ILITY STUDIES 

The importance of stab i 1 i ty cons id e r.J­
t ions in seconda ry and tert iary ...I i 1 re ­
cove ry ope rations by wate r-flooding and 
dilut E' surfactant fl ood in g techniques has 
l ed t o considerabl e deve lopme nt of s tabi 1-
it y theory for flow throug h po rous med ia. 
Re presentative s tudi es include tho se of 
Saffman and Tay lo r (1958), Chuoke e t a l . 
(1959), Perrin e (1961 a , 1961b), and 
Gogarty et al. (1970). These st udi es in­
d icat e that if one pha se (say I-;ater) i s 
di sp l ac ing anothe r immiscible phase (say 
o il ), the .. i s placement proc ess viii 1 be 
unsta'J l e (finger) if the displacing fluid 
hCls a ,1 i gher mobil i ty than does the d i s-
p l<ced f luid . 
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Unfortunately, the instabilities 
encountered i n the in-situ coal 
gasificat ion proces s involve more 
than just mobility considerations . 
Thermal and expans~on effects due 
to the combustion must also be tak­
en into account. Considerable work 
has been 'one on flame stability 
[see, for example , Markstein (1969)] 
which ind~cates that volume expan­
sion effects at the flame front are 
in general destabilizing factors. 
Only recently have investigators 
turned their atte~tion to the more 
complex stabilitv problems associ ­
ated with thermal effects and flame 
fronts in porous media (Armento and 
Miller (1976); Miller (1973, 1975); 
and Sherwood and Homsey (1975)] . 

No stability stud ies of the in­
situ coal gasification process ~t­
self have appeared in the litera­
ture . The reason for this is read­
ily apparent. In order to do a 
stability analysis , one first needs 
to have sol ved the appropriate dif ­
ferential equations describing the 
unperturbed or stable process . The 
latter has been done only recently 
for,in -s itu coal gasification [Mag­
nan~ and Farouq-Ali (1975); Edgar 
and Dinsmoor (1976) ; Gunn and Whit­
man (1976) ; Thorsn~ss and Rozsa 
(1976) ; and Kotowski and Gunn 
(1976)] . Thus , it is possible only 
no~ to proceed with a stability 
analy s is of this proc ss, 

SOLUTION FOR U PERTURBED COMBUSTIO 

S~nce stability theory seeks to 
determine whether perturbations on 
the unperturbed or quiescent solu­
tion to this combustion process will 
grow or decay, we must first devel ­
op the latter solution. The model 
to be developed here is a somewhat 
si~plified version of the solution 
of Kotowski and Gunn (1976) . 

Consider the idealization of the 
reverse combustion process shown in 
Figure 1 . Air flows in the +n* di ­
rection where n* is a coordinate 
measured from the moving combustion 
front . The carbonized coal is re­
gion II and the unburned coal is 
region I. Hea~ conduction from the 
combustion front vaporizes all the 
water at the steam front located 

-148-

* 'it - nsf' 

It ~s convenient to cast the 
conservation equations in dimen ­
s~onle~s for~ using the following 
d~mer.s~onless variables: 

T* - T v* ;;; v n* 
.l v = r. Tf - T 'V* ns v 

(1) 

9 

where 
k(T

v - T f) 
ns - p w t.HRv * a 0 g 

(2 ) 

The length scale factor n is a 
measure of the penetratio~ depth of 
conduction from the combustion front 
in region I. Its definition is sug­
gested by balancing the heat gener­
ation term with the conduction term 
in the energy balance at the combus­
tion f £ont. The gas injection vel­
ocitY , vg ~nd combustion front 
veloc~ty v* are assumed constant in 
this analysis. The remaining para­
meters appear~ng above and elsewhere 
in this paper a re defined in the no­
menclature sect jon . The correspon­
ding dimensionless form of the en ­
erg equation is then given by 

where 

N c 

N 
P 

-

c: 2
T K dT 0 - 2 - cOil 

dn 

R[l+(Np+ -.) I)~ 0: NR (l+NpV) 

n p v*C 
s 9 9 q 

k 

C (T - T
f

) 
9 v 

(3 ) 

(4 ) 

(5 ) 

(6 ) 

The dimensionless group NR provide~ 
a ,measure of the ratio of the capa­
Clty to remove heat from the com­
bustion fro nt to the rate at which 
heat is generat~d . The gro 1, p N is 
a ratio of the the rmal capacityPof 
coal to t~at of the gas. 

The boundary conditions are giv­
en by 

1 at n o (7 ) 



L 

T = 0 at n = -00 (8) 

The latter boundary condition, 
specifying that T* = Tv at the 
steam front, can be applied at n* = 

if the following con itlon is 
satisfied : 

p w 6H
R

v* a 0 g » 1 (9 ) 
P 6H v'*4>IS w 11 W 

If the above condition js satisfied, 
the beha ior of thE- cor,,; · ... ·stion front 
can be decoupled from LIe.: influence 
of the steam front, w: , ich consider '· 
ably simplifies the analysis . 

In order to solve eq. 3 sutject 
to the boundary conditions given by 
eqs. 7 and 8, it is necessa ry to 
know the interrelationship between 
T;, v:~ and v9, since ~or a speci­
fled v ' an~ glven physlcal proper­
ties t~ey are not independent . One 
relationship is provided by the 
e~ergy balance at the combustion 
front given in dimensionless form 
by 

dT an - 1 = 0 at n = 0 (10) 

A second relationship is obtainri 
by assuming the front temperature 
~o be a line ar function of the gas 
injection velocity: 

T* = A* + B*v* 
g 

(11) 

The numerical solution of Kotowski 
and Gunn (1976) suggests that A* = 
695°P and B* = 2 . 88°P · hr/ft for 
Hanna No . 1 subbitumino~s coal . This 
assumption obviates the need to 
solve the convective diffusion equa­
tion with the associated reaction 
kinetics . Inc luding the latter 
would unnecessarily complicate the 
analysis. 

The solution to eq. 3 satisfying 
eqs . 7 and 8 is given by 

N n 
T = e c (12) 

Equation 10 requires that 

N '" 1 c 
(13) 

The latter provides a solution for 
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the front velocity as a function of 
the injection gas velocity and the 
param2ters of the process, which 
agrees well with the rn ,, )re exact 
analysis of Kotowski and Gunn (1976) . 
The solution for the unperturbed 
temperature profile can now be used 
in obtaining a solution for ~he per ­
turbed combustion process . 

SOLl~ION POR PERTURBED COMBUSTION 

Thi- analysis fol]?ws the for ­
malism 'f linear stability thEory 
wherein ~ nfinitesimal perturbations 
in all t.e dependent ariables are 
assumed to be of the for~ 

T = if + T' v = v + v' g g g 

-v = v + v ' P = p + P ' (14 ) 

The resulting linearized form of 
the dimensionless energy equation 
is given by 

(15 ) 

The correspondlnq boundary condi­
tions are siven by 

where 

T ' + 0 as n + - ~ (16) 

T ' + n' = Bv ' at n = 0 g 
(17 ) 

The ~emperature and velocity per­
turbations are related via the 
perturbed form of the energy bal­
ance at the combustion front: 

aT' an- + n' - v - 4>I v ' = 0 at n = 0 
g (19) 

In arriving at eq. 19 we have as­
sumed that heat removal from the 
combustion front due to the per­
turbed temperature in region II can 
be ignored relative to heat removal 
in region I. Th's assumption is 



plausible if heat removal is prin­
cipally by conduction ; however , it 
lay not be reasonable if radiative 
heat losses are significant . Ignor­
inn th e heat losses in region II 
o~viates the need for solving the 
perturbed energy equation in this 
re:.J~on. 

The ~elocity perturbations must 
s2 ~ isfy Darcy ' s equation and the 
continuity equation : 

and 

where 

~ , - IJP ' 
g 

IJ · ~ ' 0 g 

p ' :: P' *k I ~ n 
I g s 

(20) 

(21) 

(22) 

The perturbed veloc . ty must 3atisfy 
the boundary condition 

~ 

v' + 0 as n + - 00 
g 

(23) 

For very large mobility ratios 
Nk :: kII~g/kI~c ' characteristic of 
tne revertie combustion process in 
coal, the continuity of pressure 
condition at the combustion front 
implies tr.at 

n' = p ' (24 ) 

where n ' is the dimensionless per­
turbat ion of the combustion front. 

The f unctional forms for T ', v ' , 
P ' and n ' which satisfy eqns . 17 , g 
19, 20, 21, and 2'.1 are given by 

T ' ,(n)f(y , z)e St :25) 

v ' aa f(y , z)eane St (26) 
g g 

P ' a n St (27) = - a f(y , z)e e 
9 

n' 
St (28) = -a f(y , z)e 

g 

where a g is the amplitude of the 
perturbation of the combustion front 

and t(y , z) satisfies the equation 

2 
-a f (29) 

Th is equa t~on is satisfied by simple 
armonic functions (waves or fingers) 

having wa~e+number a = ~TIns/A = 
(ay 2 + a z ) , where a y and a z are 
the wave numbers in the y - and z­
directions respectively . For two 
dimensional disturbances correspon­
ding to fingers in the form of slits , 
either a v = 0 (fingered slits paral ­
lel in the z-plane) or a z = 0 (fin­
gered slits parallel in the y - plane) . 
However , for the homogeneous coal 
seam assumed here one would antici­
pate three- ~imensional disturbances 
\vith a y = az; hence , a = l2ay , or 
AV = AZ = 2A . That is , the fingers 
will have a circular cross - section 
with diameter 2A . In reality, the 
permeabilit~ of coal perpendicular 
to the beddi.g plane ~annot be the 
same as the permeability parallel 
to the bedding plane; however, lit­
tle information is available con­
cerning such directional permeabil ­
ity in a subbituminous coal. In 
the absence of more definite infor­
~ation , homogeneity is assumed . 

If eqs . 25 hrough 28 are sub­
stitu ~ed into e s . 19 , an ordinary 
"iffarential equa'i0n is obtained 
: or ,(n) , the amplitude of the tem­
perature perturbation . The solution 
to this equation which satisfies 
eqs. 16 , 17, and 19 is given by 

{a B a(a - y) y 
) } + (l - - (1 R) R 

, 1 + t '2 ![l 
2 + 4(y + ( 2 )-!} - a(l + a) 

y(l + a) 0 (30 i + (l - N
R

) 

where , 

y - (N + ~I)NRS '" NpNRS (31) 
p 
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In arrivin~ at the above we have 
assumed that ¢I«Np . Equation 30 
constitutes a ~elationshjp tetween 
the parameters a, ~e wav~ number 
of the disturbance or fi <fer , ani y , 
the dimensionless growth coeffich·nt 
of the disturbance. 

In principle , eq. ~ o ca be 
solved for y as a fun~ti0n of the 
parameters of the probleM which ~ n­

clude a, B, and NR. Note that eqs . 
25 through 28 indicate that pos itive 
v alues of y imply unstable pertur­
bations of wave Jlumber a which grow 
in amplitude wi th t ~me . Negative 
values of y imply stable perturba­
tions . The locus of wave numbers 
satisfying the condition y = 0 
defines tJ."" neutral stabilitv curve 
corresponding to disturba~ces which 
neither grow nor decay. fo r neu ­
tral~y stable disturbances eq . 30 
reduces to 

- 1 - an = 0 (32) 

Equation 32 implies that the neu­
trally stable wave number an is a 
unique function of the dimensionless 
group B/(l - R) ' For all values 
of B/(l - NR), an = 0 is a root of 
eq . 32; that is, an = 0 is one 
branch of the neutral stability 
curve. The neutral stability curve 
has a bifurcation poi~t at B/(l-NR) 
= 1 which determines an uppermost 
g as velocity above which this pro­
cess is stable to All disturbances 
of nonzero wave number. Equation 
32 has been solved for the nonzero 
neutrally stable wave number as a 
function of the group B/(l-NR) 
using a Newton-Raphson numerical 
method . 

Th1S ~nalysis indicates that 
there will be one disturbance with 
a maximum y corresponding to the 
most highly amplified wave. This 
is the perturbation which should 
be observed in practice since it 
grows more rapidly than all the 
others . The most highly amplified 
wave number and its growth coeffi­
cient correspond to solutions of 
eq . 30 satisfying the conditions 

0; 
2 

IS Y < 0 
-::-2 oa 

(33 ) 

The r00ts am and Ym satisfying ~q s. 
30 and 33 were found numerical lv 
vsing a multivar i able Newton-Raph­
son technique . Equation 30 implies 
that am is a function onlv of Band 

R ' However, eq . 18 indicate3 that 
for fixed gas and coal propert~es , 
am wi II be a fnncti .C' n o.~.v of l':R ' 

DISCU~SIO OF RESULTS 

Before discussi~~ the linear 
stability analysis, it is of inter­
est to consider .he implications of 
the simplified unperturbed combus­
t~on model developed here. Equa ­
tion 13 implies that the dimension­
less unperturbed combustion front 
velocity is riven by 

v = (L - 1) /( + 
R p 

(3 -l ) 

Reverse combustion corresponds to 
~ > 0 , whereas fo rward cOMbustion 
implies that v < O. Hence , the 
transi tion bet ... 'eer reverse and 
forward cmbustion will occur at a 
gas velocity satisfying the condi­
tion 

(35 ) 

In terms of dimensional q uantities 
this implies that reverse combustion 
will revert 0 forward combustion 
for gas ve ocit;es exceeding 

wollHR 
~* > (- -C-- - A* + T )/B* (36) 

g g v 

For the tvpical properties of Hanna 
No . 1 subbituminous coal given in 
Table I , eq. 36 implies that for­
ward comb~stion will occur when ~* 
> 1100 ft /ft 2 ' hr . To maintain g 
the reverse combustion link the gas 
velocities should not exceed this 
value; however , since the quanti ­
tative accuracy of eq . 36 has not 
been verified , this limiting gas 
velocity can be considered only an 
estimate . 

The upper solid line and the line 
defined by a ~ 0 in Fig u re 2 con-

n 
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L 

s L LU U ' th neutr a l sta ~ilit\' curve 
for the p ~y s 1ca . prope rtie~ ~nd op­
era'.l na -o nditicns ind i cated in 
Tabl, ' .i , 

- ------ - -----------
Table I . y sical ~ roFertie5 and 
o er a ing condit i ons lor Hanna 
tH!ld t sts 

p 

90 Ib/ft 3 

0 . 67 B ' u / lv of 

0 . 30 Btu / l.b of 

0 . 2 ~ Btu/hr ' ft of 

- :'500 Btu/ lb 

0 . 15 

:< at.m 

0 . 2 lb 02/lb gas 

ate that the neutral stabili~y 
curve is a unique function of the 
dimensionless g r oup B/(l - NR) as 
indicated by eq . 32 . The bifurca ­
tion point in the neu t r al stability 
curve occurs a t B/(l -~R) = 1 . For 
the properties indi~ated in Table I 
~his cor~psponds to a gas velocity 
of 285 ft 3/ft 2 · hr. That is , this 
analysis i mplies that this in - situ 
reverse combustion proce s s will be 
stable with respect to all nonzero 
wave number disturbances for vel ­
ocities exceeding 285 ft 3/ ft 2. hr . 
As the group B/ (l - NR) (or gas 
velocity) decreases below unity 
(or 285 ft 3/ ft 2 ' hr) there is a 
band of uns t a b l e wave numbers which 
extends from a = 0 to an upper 
limi t which progressively in­
c rea s es . This band of unstable 
wave numbers assymptotically ap ­
proa ches in f i nite width as B/ (l - NR) 
~ O. This asymptote is o n ly of 
theore tica l inte r e s t since it 
corre spond~ to a zero gas velocity . 
I~ p r a ctice it i s di f f icu l t t o s us ­
tai n reverse combus t ion at very low 
air i nj e ction ve loc i t ie s . 

This then implies that a t a l l 
g a s v e locities in the r ange 0 < Vg 
< 28 5 ft 3/f t 2 ' hr the reverse -
combustion link will be unstabl e in 
that there are some wave numbers 
which will be amplified. According 

o h i~ analysis it is possible to 
s t G ~ iliz e this process by using 
er / l arge ga s inj e ction v e loci ti(~s . 

The following physical explana ­
tion emer~~s to descrjbe ' he nature 
of thE: ins .ability of he in - situ 
reverse comoustion p r ocess . The 
energy sour e fo r any unstable dis ­
tu~bance is , of course , the combus­
tion reaction occurring at the front . 
Any process which tends to remove 
energ l from t~a combustio~ front has 
a stabilizin0 influence on the pro­
cess s;~ ' ~ it deprives t he distur­
b,, ' . .::es o ' this ene r gy . The :,Iec han-
; s.n ov which u.,stable distu rbances 
are propagated in this process is 
illustrated in Figure 3 . When the 
unperturbed ~ombustion f r ont is sub­
j e cted to a dist 'lrbance leading to 
a wavv perturbed fron _ , a po i nt s uch 
as "A" in F igur ,~ 3 expe r iences an 
increase in gas ~elocity due to the 
higher mobility region penetrating 
i~to the lowe r mobility r egion . 
This increase i n gas velocity in­
creases the cc mbu "'tion at point "A" 
and causes the front to finger fur ­
ther at this point . Similar but 
converse arguments show that poi n ts 
such as " B" will be retarded , thus 
f urther enhancing the fingering . 
The only stabilizing i nfluence in­
cluded in this analysis is heat 
conduction from the combustion front 
in regien I . Heat conduction pre­
ferentially stabi l izes t he large 
wave numbers or short waves since 
s hort waves have a larger sur fa c e 
area for a given amplitude . As the 
g as veloc ity [or B/(l - NR)] increases , 
heat conduction progr essively sta­
bilizes longe r a nd l o n ger wave s un­
til it c omp l e t ely sta bili ze s the 
combustion p r oces s when the g r oup 
B/ (l - NR) = 1 . This p rog r es s ive 
stabilizati on with i n c r eas i ng ga s 
velocity a rises bec a us e the parame­
ter ns , wh ich is a me a su r e o f t he 
pene t r at i on dep t h o f t he conduction, 
dec rea s es as v~ incre a s es. Smaller 
value s of n s imply steepe r t empe r a ­
t u re g radi e nt s and c o rresponding l y 
greate r conduc t ion f rom t h e f r o nt. 

I t is o f in te r e s t to spe cu l ate 
o n the implications of the assump­
t i ons embodied in this analysi s . 
The principal assumptions in this 
anal y si s are that the gases are 
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irlcomFress ible ; the permeabil i .. 
ra tio Nk is i niinite; that -,.= at 
conduction f r om the combu stion 
f ront in the devo13tilized res i un 
can be neglected; and , t hat the 
stea m fro n t is infinitely far re ­
moved from the corn us ion front . 
~ll of t hese neglec ted effec ~ s 
woul d appear to be s tabil i zing in 
that they remove e ne r gy f r om the 
c 0T bustion proces s, and henc (.~ ­
prive t he disturbanc es of er c ~gy 
needed for the ir g r owth . I~c ~ usion 
o a ny of these ne g l e c ted stabili ­
zi ng ef~ec ts wo u ld lowe r the neu­
tral sta0ility curves . The s t abil ­
jz i~~ fac:ors neglected in this 
analysi ~ will be conside r ed in a 
f orthco ~i ng pape r [Gunn and Kr3ntz 
(19 77) 1 • 

The lo~er s ol id line in figure 
2 corresponds to the locus o r ~he 

most highly a mp _ified wave number 
or most unstable finger . Equ?tion 
18 and 30 imply that for a f~xed 
set of coal and gas proper ies , a m 
will be a f unction c~ly ot IR ' or 
equ i valently , B/(l - NR) , sin _e . ~ 

is un iquely de t e r mined b R f or 
these co nditions . The dashed li ne 
in Figure 2 i s the locus o ~ t he 
most highly amp li fied wa ve number 
fo r long wa ves (r ili ~O ); its eq uation 
is given by 

0 . 4 63[1 - B/ (l - NR \] (3 7 ) 

This a s ympto tic limit for a is 
useful in pred~c ti ng t he fiWge r 
size unde r actual i n- si t u r evers e 
combustion coal gasi f i cat ion wher e 
the gas i n jec t ion f lux cont inuously 
d e cre ases d uring the initial s t ages 
o f inj e ction as the we ll bore in­
creases i n d i ame t e r . 

In princ iple , Figure 2 permit s 
one to e stimate the fin ger si ze , 
s ince one would anticipate t hat 
th l s would corre spond t o t h e wave ­
l ength o f the most unstab l e d istur­
bance . Howe ve r , this determina t i o n 
is diff1cul t in pr act i ce since the 
gas in jnction flux i s not k nown . 
An estimate, however , can be ob­
t ained in the following wa y . Init­
i al gas i~jection velocities are 
approximate l y 3000 ft 3/ hr . The 
initial flux then will exceed 285 
f t J /f t 2hr . Figure 2 would then 
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indicate that the reve r se c ombus ­
tion process i s i n i ial l y s t able . 
As the combustion zone a r o und he 
wel l bore progressively widens , he 
air flux decre as e s . Hence , let us 
dete r mine the wavelength ~ of the 
most highly amplified wa ve giv e n by 
eq . 37 whose wavelength corresponds 
to a flux given by l500/(TI~2 / 4 ). 
Equation J7 gives the wa e number 
or wavelenytl. of a two - dimensional 
disturbance . The iin~e= s observed 
in the reverse cornbu s ion process 
would appear to be circu :~( in cross ­
s e ction and hence correspu .. u to 
three - dimen s ional disturbances . I n 
a homogeneous medium the w3ve l e ng t h 
of the most highly amplified three­
dimensio nal dist u rbanc e will be 
e ual t o .2 time s the wave leng t h 
of the most highly amplified t wo ­
dimensional dis urb~nce determined 
by eq . ]7 or the more general cor ­
relat10n given in Figure 2 . For a 
given gas in j e~tion ve l ocit , this 
wavelength is unique and given by 
2 . 9 ft . This agr ees well wi t h esti ­
mate s of ~he finger size f or the 
reverse combustion link . 

The Hanna II Phase II test has 
been the only one w~ th sufficient 
instrumentation to ~ow a n e s tima ­
tion of reve r se combustion tube size 
f r om the r mal da t a . These data 
indicated the fo rmatio n of two lli nk ­
age £aths with a jiameter of 2 /2 
to 3 / 2 fee t (Hommert, 1977; Hom­
m~r t aDd Bear d , 1977) . 

CONCLUS I ONS 

The a nalysi s i n thi s pape r re­
p r esents a n ini t i al i nves ti gation 
of i n s 1:ability in revers e comhustion. 
~he ana lysis at be st is e xpecte d to 
be semi - q u a n t itative because of the 
s i mpl i fy ing as s umptions adopte d . 
Ne ve rtheless , s uc h quantiti e s as 
f inger siz e ar e pre dicted with 
s urpr i si~g accurac y . A more accu­
r at e a nd muc h mo= e compl i cated st a ­
b i l i ty anal y sis is currently under 
dev e lopment to determine if this 
e xc e lle nt a g reement with f ield test 
data is large ly fortuito us . 

In a field design of t he l1 nked 
verticdl process, i t i" i mpor t a r. ­
to estimate the air requirements 
f o r r e ve r se combustion linking be--
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cause specially designed high pres­
sure compressor~ are often used or 
this purpose . If finger. siz~ Ciln 
be reliably prp.dicted , the cross­
eectional area ~or flow and corres ­
pondingly the air flux can be 
determined. Predictability of fin ­
ger size, therefore , appears to be 
necessary if the linking com?res­
sors are to be properly designed . 

Because the injection air ap­
pears to travel down well developed 
combustion fir.gers , reverse combus­
tion is essentially a one- dimen ­
sional coal bed . The ~otal air 
injection ~ate should be the same 
regardless of well spacing; thus 
the linking time will increase lin ­
~arly with well spacing . These 
conclusions are apparently in agree­
ment with Soviet field testing 
experience . 

Reverse combustion during in 
situ coal 9asification is unstable 
at the conditions used during the 
Hanna field tests . In principle , 
reverse combustion can be stabil­
ized at very high air flux rates; 
however , the H~nna coal is not very 
permeab~e {3 to 10 mil~idarcies} 
and the needed flow rates may ~ot 
ce attainable for. reasonable well 
spacings . Lignite and lower grade 
subbituminous coal are much more 
permeable, and reverse combustion 
stabilization at high air flux rates 
may be possible . 

In summary the major conclusions 
of this work are: 1 . Reverse com­
bustion is unstable at the operating 
conditions used during the Hanna 
field tests . Very high air flux 
can stabilize the process . Any 
mathematical model , however, whi~h 
ignores combustion instability 
cannot correctly predict reverse 
combustion linking results for field 
tests conducted at normal operating 
conditions. 2 . Calculated combus ­
tion front finger sizes agree well 
with field test data . 
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3 . The air injection rate should be 
held cons tan irrespective of well 
spacing . Lir.king time should in­
crease linearly with distance . 4. 
If air flow rates are properly 
scaled , combustion instabilities 
can be reproduced in laboratory 
size equipment . 
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NOMENCLATURE 

A 

B 

c 
g 

c s 

f 

dilalensionless cons r.ant in eg . 
11 = A*/{T - T \ 

f v' 
dimensionless amplitude of per­
turbed comtustion front 

dimensionless constant in eg . 
11 = B*Vg/{Tf - Tv } 

heat capacity of gas in region 
I 

heat capacity of solid in 
region I 

function defined by eg. 29 

~HR heat of combustion 

~Hv heat of vaporization of water 

kI permeability in region I 

kII permp~bilitv in region II 

P 

S 

t 
w 

T 

T
f 

T 
v 

dimensionless constant defined 
by eq. 4 

'" k ~ /k ]J II g I c 
dimensionless constant definec 
by eq . 6 

dimensionless constant defi~ed 
by eq . 5 

pre~;sure 

re lative saturation of water 

time 

t emperature 

temperature of combustion 
front 

temperature of steam front 
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v velocity of comb', .. t ion f ront 

v velocity of gas in region I 
g 

x stationarv coordinate mf'asured 
frum injection well 

y lateral coordinate 

z vertical coordinate 

Greek Letters 

a 

n 

y 

~g 

T 

4>1 

dimensionless wave number 
= 2r.n / A s 
most highly amplified wave 
number 

neut rally stahle wave number 

di~ensinnless wave number in 
y-direction 

dimensionl ess wave number in 
z direction 

dimensionless frequencv 
= B* n /v s g 
dimensionless frequency 
= ~Np r 4>1) RB 
maxim 1m amplification rate 

coordinate measured posit~ve 
from combustion front into 
region II 

scale factor defined by eq . 2 

n-coordinate of steam front 

wavelength 

shear viscosity of ga s in 
region II 

shear v~scosity of gas in 
region I 

dens : ty of injected air 

density of gas in region r 
density of coal 

density o~ liquid water 

dimensionless amplitude of 
temperature perturbation 

porosity in region J 

weight of oX'gen per unit 
weight o f gas in region I 

Superscripts 

* 

denotes time - average or 
unperturbed quantity 

denotes dimensional quantity 

denotes pe r turbed auantity 
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