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Lirnear Stability of Reverse Lombustion
for In Situ Coal Gasification

by WMilliam B. Krantzr

and Rotert D. Gunnl

ABSTRACT

A linear stability analysis af reverse combustion in coal has shown that the process
i5 only conditionglly stable. The reverse combustion linking process is unstable for
the subbituminous coal properties of the Hanna No. | seam and for the operating condi-
tionsutilized durina the Laramie Energy Research Center's in situ coal gasification
field rests conducted at Hanna, Wyoming. With the aid of several simplifying assump-
tions, a universal neutral stability curve is ohtained; that is, the locus of the dimen-
sionless neutrally statle wavelengths {combustion finger diameters) is a unique function
of a2 single dimensionless parareter involving heat removal from the combustion front and
heat generated at the front. The curve describing the most highly amplified wavelength
provides an estimate of the diameter of the combustion fingers, 2.9 feet, which is in
good agreement with estimates based on thermal field test data. The analysis also pro-
vides insight into how high pressure air reqguirements can be scaled for the reverse
canbustion linking process for different well spacina.

INTRODUCT I ON the stability of these two combustion
processes; that is, the tendency for re-

The linked vertical well pracess is one verse combustion to develop a wavelike

of three in situ coal gasificarion proces- fingered structure is somewhat analagous

ses being considered in the U.S5. at this to the tendency of a body of water to dev-

time. This process employs a reverse com- elup waves under the action of the wind.

bustion link to devolatilize a portion of Plain and simply, a wavelike structure is

the coal seam to effect a highly permeahlie more attractive to the process from an

path for the subsequent forward combus- energetic standpoint.

tion step. The first field tests of this

process in the U.S., which were conducted An understanding of the stability of

at the Hanna., Wyoming, field site of ERDA the reverse and forward n situ combustion

Laramie Energy Pescearch Center, suggest processes wonuld be invaluable for scaling

that the reverse combustion prccess has a ~up and irproving this process. For ex-

rather poor sweep efficiency. whereas the ample, the present field studies at Hanna,

forward combustion step has a remarxabl: Wyoming, have been conducted with a well

high (circa 85:) sweep efficiency. That snacing of sixty feet at a reverse combu-

is, the reverse combustion step appears stion air injection-velocity averagina

to develop a combustion front which 70 te 100 ft3/FL2 hr. Under these condi-

finagers rather than carbonizes all the tions, the reverse combustion step appears

coal via a smooth planar flame front. to be unstable and to develop fingers

However, this fingering of the reverse having a wavelength of approximately three

combustion link appears to be beneficial feet, Clearly, it is desireable to in-

to the overall combustion process because crease the well spacing for commercial

it relatively quickly provides a few high- scale gasification in order to minimize

ly permeatle paths (fingers) for tne com-

bustion gases to escape during the subse- Ipept. of Chemical Engineering, University

of Colorado, Boulder, Colo. 80302 and the

Laramie Energy Research Center, Laramie,
The tendency for reverse combustion to Wyoming 82071.

finger eand forward combustion to buri in

a planar fashion presumably is related to

quent forward combustion step.

2Dept. of Mineral Engineering, University
of Wyoming, Laramie, Wyoming 82G71 and the
Laramie Fnergy Research Center, Laramie,
Wyoming £2071.
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the drilling costs. However, it is not
obvious how to scale-up this process for
wider wall spacings. |If the finaering
process is beneficial to the reverse com-
bustien link, then it may be important to
keep the finger size the same. Stability
theory would suggest that the finger size
is strongly dependent on the air injec-
tion rate. Thus, if finger size is im~
portant or perhaps can be optimized, it
is of value to discern precisely how it
depends on the various parameters of the
process.

A stability analysis of this process
may also pravide useful information as to
the value of laboratory bench-scale ex-
periments for determining the propensity
of these combustion processes *o finger.
For example, some laboratory studies in-
dicate that the reverse combustion pro-
cess is stable, whereas field tests in-
dicate the contrary. The explanation for
this may lie in the fact that the re-
verse combustion process may be unstable
only to very long wavelength fingers
which are far too large to observe in
laboratory reactors.

It i3 eclear that the confidence wa can
place in scaling-up from test site opera-
tions to commercial scaie gasification
depends an a tharough understanding of
the entire in situ coal gasification pro-
cess. The propensity to finger, or in-
stability of the combustion fronts, is a
poor ly understood but nonetheless very
significant aspect of this process which
demands further study. A more complete
understanding of reverse combustion ap-
pears especialiy important because the
Soviet literature indicates that in some
cases attempts to establish a reverse
combustion link failed in as many as 30
per cent of the wells used. Massive
failure on this scale would sericusly
disrupt any commercial gasification gro-

ject. This paper wiil consider the stab-

ility of the reverse combustion step in
the linked vertical well process. The
stability af forward combustion will he
examined in a subsequent paper.

STABILITY THEORY APPRCACH

Qur principal concern in this paper is

the tendency for fingering of the flame
front in the raverse combustion step in
the in situ coal gasification process.
This fingering, in turn, is related to
the stabiiity of ‘he combustion process.
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Stability theory attempts to determine
whevre: the equations describing a physi-
cal system have a tendency to depart from
their original stata when the denendent
variables are perturbed. In a physical
sense, these perturbations emanate from,
say. flow rate pulsations, slight heter-
ageneities in the porous media, minute
variations in the heating value of the
coal. etc. The guestion that stability
theory seeks to answer is whether a pro-
cess, when subjected to perturbations,
will return to its undisturbed state or
will gravitate to a new state. Phvsic-
ally, the new state could be a fingered
rather than a smeoth plan.y combustion
front. Stabilit theory attempts to
determine wheth r a process is stable or
not, and the properties of an - unstable
process. These properties include the
propagation or growth rates of the dis-
turbances (fingers,) and their wavelength.
The manner in which these properties de-
pend on the process variables is of par-
amount importance in stability studies.

In summary, then, this analys s of
reverse combustion stability is in.ended
to answer more than the simple que<tion of
whether the process is stable or unstable.
Other important questiors are: (1) If the
reverse combustion process is unstable,
can it be stabilized, and, if so, under
what conditions? (2) What is the dia-
meter of the fingers formed during an
unstable reverse combustion process? (3}
Can air reauirements for the linking pro-
cess be predicted, and how are air require-
ments related to caal properties and well
spacing? (4) Can the stability of wi.
reverse combhustion process be studied via
laboratory bench scale experinments?

RELATED STABILITY STUDIES

The importance of stability considera-
tiens in secondary and tertiary oil re-
covery operations by water-flooding and
dilute surfactant flooding technigques has
led to consideravle development of stabii-
ity tneory for flow through porous media.
Representative studies include those of
Saffman and Taylor (1958), Chuoke et al.
(1959), Perrine (1961a, 1961b), and
Gogarty et al. (1970). These studies in-
dicate that if one phase (say water) is
displacing another immiscible phase (say
0il), the . isplacement process will be
unstable (finger) if the displacing fluid
hias a aiaher mobility than does the dis-
plrced fluid.
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Unfortunatelv, the instabilities

encountered the in-situ coal
gasification process involve more
than just mobility considerations.
Thermal and expansion effects due
to the combustion must also be tak-
&n  inte aceount,. Considerahle work
has been done on flame stability
[see, for example, Markstelin (1969}]
whilch indicates that volune expan-
sion effects at the flame front are
in general destabilizing factors.
Only recently have investigators
turned their attertion to the more
complex stabilitv prcblems associ-
ated with thermal effects and flame
fronts in porous media Armento and
Miller (1976); Miller (1973, 1975);
and Sherwcod and Homsey (1975)].

No stability studies of the in-
slitu coal gasification process =»t-
self have appeared in the litera-
ture. The re=ason for this is read-
Lliy ‘apparent: [In ordar €o do &
stability analysis, cne first needs
toc have solved the arpropriate dif-
ferential eguaticns describing the
unperturbed or stable process. The
latter has been done only recently
for in-situ coal gasification [Mag-
nani and Faroug-Ali (1975):; Edgar
dand Dinsmoar (1978); Gunn and Whit-
man (1976); Thorsnass and Rozsa
(18375); and Rotowskl angd Gunn
(1976)]. Thus, it is possible anly
now to proceed with a stability
analysis of this process.

SOLUTION FOR UNPERTURBED COMBUSTIQN

Since stability theory seeks to
determine whether perturhations on
the unperturbed or gulescent solu-
tion to this combustion process will
grow or decay, we must first devel-
op the latter soletion. The model
to be develcped here is a somewhat
simplified version of the sclution
of Kotowski and Gunn (197¢).

Ceonsider the idealization of the
reverse combustlon 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 ell the
water at the steam front located
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It .s convenient to cast the
conservation equations in dimen-
sionless form using the following
dimersionless var.ables:

Tk

LY
- T i

— v =] :\r* *
W et i W el L b (1)
g g - n,
£ Vo ot
where
o i (2)
n g
s AH_T
Pa¥a" a%

The length scale factor n_ 1s a
measure of the penetratioh depth of
conduction from the combustion front
in region I. Its definition is sug=
gested by balancing the heat gener-
ation term with the ccnduction term
in the energy balance at the combus-
tion front. The gas injection vel-
ocity V% and combustion front
velocity¥ V* are assumed constant in
this analysis. The remaining para-
meters appearing above and elsewhere
in this paper are defined in the no-
menclature secticn. The correspon-
ding dimensionless form of the en-
argv eguation is thern given by

190 aF %
==y =. Ny o 8 (3)
dn
where
» & B 5 AL ~ N 14N v
JC g Np[1+(up+_:)\ - kp(L+upJ) (4)
r \,*[ & o) - T )
»1 = : pg a - C](l\,' *f' ([‘)
"R k = T, AL '
Q n
'~ S
N R
P 0 CC_, (6)

The dimensionless group I, provides
a measure of the ratic of the capa-
city to remove heat from the com-
bustion front to the rate at which
heat is generated. The gro'p N_1is
a ratio of the thermal capacitypof
coal to that of the gas.

The boundary conditions are giv-
en by

T=1atns=20 (7)

C e e
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T =0at n = -= (8)

The latter koundary condition,

specifying that T* = T, at the
steam front, can be applied at n* =
- w 1f the following condition is

satisfied:

p_w AH_V*
a 4 R
= > 1 (9)
5 *
prh"" ¢Isw

If the above condition is satisfied,
the behavior of the ccrn.vstion front
can be decoupled from t..e influence

of the steam front, wi.ich consider -

ably simplifies the analysis.

In order to solve eg. 3 sulkject
to the bouvndary conditions given by
egs. 7 and 8, it is necessary to
know the interrelaticnship between
Tg, v*¥, and V%, since for a speci-
fied V5 and given physical proper-
ties theyv are not independent. One
relationship is provided Ly the
enerqgy balance at the combustion
front given in dimensionless form
by

Ss-l=0atn=0 (10)
A second relationship is obtained
by assuming the front temperature
.0 be a lincar function of the gas
injection velocity:

T* = A* + B*Vg (11)

The numerical solution of Kotowski
and Gunn (197€) suggests that A* =
695°F and B* = 2.88°F-hr/ft for
Hanna No. 1 subbituminous ccal. This
assumption obviates the need te
solve the convective diffusion equa-
tion with the associated reaction
kinetics. Including the latter
would unnecessarily complicate the
analysis.

The solution to eg. 3 satisfying
egs. 7 and 8 is given by
N n
T=ea° (12)

Equation 10 requires that
W W 1 (13)

The latter provides a2 solution for
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the front velocity as a function of
the injection ecas velocity and the
paramaters of the process, which
agrees well with the mire exact
analvsis of Kotowski and Gunn {1976).
The solution for the unperturbed
temperature profile can now be used
in obtaining a solution for the per-
turbed combustion process.

SCLLTION FOR PERTUERBED COMBUSTTION

Thi- analvsis follows the for-
malism »f linear stability theory
wherein 'nfinitesimal perturbaticns
in all t. e dependent variables are
assumed to be of the form

Bl pos e B (14)

=<
11
t

he dimensicnless ensrgy eguation

The resulting linearized form of
t
is given by

% = -
ik ) = ] Lo mo
E—-'-:,—' + L:E__ + _'}___{‘__ = "\‘!Ren = .5_‘_
an“ Ay~ Dz A
= BN aT (15)
P L{at

The corresponding boundary condi-
tions are given by

T' > 0 as n + == (16)
7' + n' = Bvé at, n = 0 (17)
where
W P s B
B = B*va/(TE—TV)=1+a;Eﬁ;E;—~ (18)

The *temperature and velocity per-
turbations are related via the
perturbed form of the energy bal-
ance at the combustion front:

w

t ]
z + n' - v - ¢Iv' =0atn=20
il 9 {(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 tc heat removal
in region I. This assumption is

=




T

plausible if heat removal is prin- and t({v,z) satisfies the equation
cipally by conduction; however, it |
iay not be reasonable if radiative

—_—

{ % 5 ]
- neat losses are significant. Ignor- 3¢ " Ls. AT 2f E18)

: in: the heat losses in region II ;:5 ;;7 = -

1

obviates the need for solving the . i

erturbed energy eguation in this . e )
geﬂlc, Ll Inis eguation 1s satisfied by simple
- I« I

harmenic functions (waves or fingers)
having waye,number a = 2mng/A =
(a2 + oz * where a,, and a, are |
tne wave ndmbers in the y- and z- Y
directions respectively. For two ¢
E (20) dimensional disturbances correspon- ]
v! = = yp’ ding to fingers in the form of slits, }
either a,, = 0 (fingered slits paral- ;
Yel Iin"the z-plans) or a, = 07 (Ein= :
s 1y gered slits rarallel in the y-plane).
g ltowever, for the homogeneous ccal
seam assumed here one would antici-
pate threes-limensional disturbances
with oy = az; hence, a = v2ay, or 1
by = dg = 2L. That is8, the fingers )
will have a circular cross-section
with diameter 2X. 1In reality, the §
permeabilit:r of cecal perpendicular

The velocity nerturbations must
sa*isfy Darcy's eguation and the
continuity eguation:

and

where
Dol LI 3 (23
P' = P kI/“g”s (22)

The perturbed veloc.ty must satisfy
the boundary condition

= b ; te the beddi:ng plane cannot be the :

v' » Qas n > -= {23) i S~k :
same as the permeability parallel .
[ to the bedding plane; however, lit- :
For very large mobility ratios tle infermation is available con- |
| M = kIqu/kIu , characteristic of cerning such directional permeabil- \
| tne reverse combustlon process in ity in a subbitumincus coal. 1In f
- coal, the continuity cf pressure the absemnce of more definite infor- |
l condition at the combustion fraont mation, homogeneity is assumed. H

implies that

If egs. 25 through 28 are sub-
T (24) stituted into eg. 19, an ordinary
differential equa‘iosn is obtained
where n' is the dimensicnless per- far tiinl;; Eae amblltudc of the tem-
turbation of the combustion front. paerzture pcerturbation. The =olution 1
to this eguation which satisfies 1
The functional ferms for T', vé, egs. 16, 17, and 19 is given by .
P' and n' which satisfy egns. 17,7
| 19, 20, 21, and 24 are given by '
1 - B Y ]
- {a + — —a{a - y) - } ’
‘ E n N =R
3 LR T(n)f(y,z)eE (25 ) 1 R ( "R 4
: i 1 2. %,
l an i i =R I R 2R R IR TR e Bl RS ST ST | i ’
- vé = ga f(y,z)e e (26) = 7
(1% g} . :
' arn_Bt & + (l = N 5 =0 (30 '
P -acf(y,z)e e (27) R
<
where, i
t
n' = -afly,z)e’ (28) :
g2 N e N, B & N N
Y (lp ¢I)1RP P RS (3L) Tl
where ag is the amplitude cf the ' .
1 perturbdtion of the combustion front
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In arrw"lnr at the above we have
assumed that ¢, <<Hp. Eguatinn 30
censtitutes a Telationshin Letween
the parameters a, the wave number
of the disturbance or firnuger, ani v

. i3 : 4
the dimensionless growth coeffici.nt
of the disturbance.

In principle, eqg
ved for y as & Fun-tiun of the
ametars of the probilem which fn-
clude @, B, and N_,. Note that egs.
25 through 28 indicate that posiii"e
values of y imply unstable pertur-
bations of wave number a which grow
in amplitude with time. HKegative
values of y imply stable perturba-
tions. The locus of wave numhers
satisfying the condition y = 0
defines tl.c neutral stabilitv curve
corresoonding to disturbances which
neither grow nor decav. For neu-
trally stable disturbances eg. 30
redicas to

.. 480 can be

o0
ﬂ —

B i i TR
i+ proyanlly H gl + ag™)
= 0 =g = (32)

Egquation 32 implies that the neu-
trally stable wave number a, is a
unigque function of the dimensionless
gEoup BA(L =M., For gll vealees
of B (L - N, an = 0 i a root of
eg. 32; that is, @y =0 is ans
branch of the neutral stability
curve. The neutral stability curve
has a bifurcation poiant at B/ (l-Ng)
= 1 which determines an uppermost
gas velocitv abovz which this pro-
cess is stable to 2ll disturbances
of nonzero wave nuwkber. Equation
32 has been solved for the nonzero
neutrally stable wave number as a
function of the group B/ (1-NR)
using a Newton-Raphson numerical
method.

This .:nalysis indicates that
there will be one disturbance with
a maximum v correspondina 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
eg. 30 satisfying the conditions

SX w6 Sl 5.8 £33)
&a fat

The roots oy and Yy, satisfying egs.
20 and 33 were found numerical.v
vsing a multivariable Newton-Raph-
son technigue. Eguation 30 ’""lles
that on is a function only of B and
Hg. However, #g. 18 indicates that
for fixed gas and coal propertles,
By will be a fanction eplv. @ff )

o

DISCUSSION OF RESULTS

Before discussi=ny the linear
stabilitv analysis, it is of inter-
est to consider <lie implications of

the simplified unperturbed combus-
t.on model developed here. Egua-
tion 13 implies that the dimension-
less unperturbed cembustion f{ront
veloclty 1is-oriven by

SN e 1 = i vdiN \ T %
= (K; i) (Np + $IJ (3]

Reverse combustion corresponds to
e @, whereas forward combustion
implies that v < Q. Hence, the
transition betweer. reverss and
forward cgmhvsticr will eoccur at.a
gas velocity satisfving the condi-
tion

W =0 ()

In terms of dimensional guantities
this implies that reverse combustion
will revert to forward combustion
fcr gas veliocities exceeding

w_AH
52 (- 2R
2 !

- A* + T )/B* (36)

For the tvpical properties of Hanna
No. 1 subbituminocus coal given in
Table I, ea. 36 implies that for-
ward comogstlon will occur when v*
3 L1Q0 £ /ftﬁ-hr To maintain

the reverse combustion link the gas
velocities should not exceed this
value; however, since the guanti-
tative accuracy of eg. 36 has not
been verified, this limiting gas
velocitv can be considered only an
estimate.

The upper solid line and the line
defined by - 0 in Figure 2 con-




Sf'Lu_' the neutral stability curve
for the lysica. properties and op-
erating conditicons indicated in
Tabl + N

Table I. Physical ;iroperties and
operating conditions f[aor Hanna
field teets

o_ = 90 1b/ft>
C; = QUhT BEuyll YE
Cq = 0.30 Btu/lb °F
¥ = Q.25 Beufhr-ft °F
AHR = - 5500 Btu/lb
¢ =-0.15
I
P = 3 atm
. = a.4 1B O./1b gas

Note that the neutral stabilicwy
curve is a unigue function of the
dimensionless group B/ (1-Np) as
indicated by eg. 32. The bifurca-
tion point in the neutral stability
curve accurs at B/ (l-kg) = L. For
the properties indicated in Table [
this LOLV»~ponu~ to a gas velocity
of 285 ft3/ft2.hr. That is, this
analysis implies that this in-situ
reverse combustion process will be
stable with respect to all nonzero
wave number 1=tu1b ances _for vel-

ocities exceeding 28% ft3/€cienr.
As the group B/ (1-Np) (or gas
velocity) decreases below unit:
(cr 285 fto/ft2-hr) there is a

band of unstable wave numbers
extends from a = 0 to an upper
iimit which progressively 1
creases. This band of unstable
wave numbers assymptotically ap-
proaches infinite width as B/ (l-Np)
- 0. This asymptote is only of
theoretical interest since it
corresponds to a zero gas velocity.
In practice it is difficult to sus-
tain reverse combustion at very low
air injection velocities.

= |
1

This then implies that at all_
gas velocities in the range 0 < v
< 285 ft3/ft2+hr the reverse
combustion link will be unstable in
that there are some wave numbers
which will be amplified. According

lfli-

t 1is analysis it is possible to
stabilize this process by using
rel large gas injection valocities.

ey

The following physical explana-
tion emerges to describe 'ne nature
of the instability of the in-situ
raverse compustion process. The
energyv source for any unstable dis-
tuvbance 1is, of course, the combus-
tion reaction occurrina at the front.
Any process which tends tc remove
energ,; from the combusticn front has
a staoilizinq influence on the pro-
cess Sin-e 1t deprives the distur-
bunces of this energy. The echan-
‘sn pv which u.stable disturbances
are propagated in this process is
1llustrated in Figure 3. When the
unperturbed ccmbustion front is sub-
]n:tej to a dist wrbance leading to
& wavy perturbed fron_., a point such
as "A" in Figurs 3 experiences an
increase in gas relocity due to the
higher mobility region penetrating
inte the lower mobility region.
This increase in gas velocitv in-
creasés the combuation at point "A"
and causes the front to finger fur-
ther at this peint.  Similar but
converse arguments show that points
such as "B" will be retarded, thus
further enhancing the fingering
The only stabiliring influence in-
cluded in this analysis is heat
conduction from the combustion front
in regicn I. Heat conduction pre-
ferentially stabilizes the largs
wave numbers or short waves since
shiort waves have a larger surface
area for a given amplitude. As the
gas velocity [or B/ (1-Np)] increase
heat conduction progressivelyv sta-
bilizes longer and longer waves un-
til it completely stabilizes the
combus*ion process when the group
(L-Ng) = 1. This progressive
stablllhatlon with increasing gas
velocity arises because the parame-
ter ng, which is a measure of the
penetration depth of the conduction,
decreases as Va increases. Smaller
values of ng imply steeper tempera-
ture gradients and correspondingly
greater conduction from the front.

It is of interest to speculate
on the implications of the assump-
tions embodied in this analysis.
The principal assumptions in this
analysis are that the gases are
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uwetiaon
in the devolatilized recgion
neglected; and, that the
ront is lnflhl*nl" far re-
rom the combustiocn front.

. of these neglected effec's
would appear to be stabilizing in
that they remove energy from the

corbustion process, and hence da-

prive the disturbances of erergy
needed for their growth. It i

of anv of these neclected st

zing effects would lower the neu-
trml stability curves, Phe Sta:il—
izinc factor& neglected in this

analvsi: will be considered in a
forthcoiing paper [Gunn and Krantz
(L973)] -
The lower solid line in
2 corresponds to the locus or the
most highly amplified wave number
or most unstable finger. Ecu;tion
18 and ‘3¢ imply that for a fix
of coal and gas pr:pdr**ns, D=y
be a LulCtAyA snly of Ng, of
valently, B/(l-Np), since B
niguely det rmined by Ny for
hese conditiens. The dashed line
n Figuri I is the locus ot the
most highly amplified wave number
for long waves (r,=0)}; its eguaticn
is given by

Fiaoure

.L‘LJI
2qui
8 &

¥

1
t
L

g 0.463[1 - B/ (1 - NRH. {37)
This asympototic limit Ffor & 'is
useful in predicting the finger
size under actual in-situ reverse
combustion coal gasification where
the cas injection flux continuously
decreases during the initial stages
of injection as the well bore in-
creases in diameter.

In principle, Figure 2 permits
one to estimate the finger size,
since one would anticipate that
this would correspond to the wave-
length of the most unstable distur-
bance. However, this determination
iz difficult in practice since the
gas injnction flux is not known
An estlmate, however, can be ob-
tained in the folliowing way. Init-
ial gas injection veloc1t1es are
approximately 3000 £t3 /hre.  The
injtial flux then will exceed 285
fr3/ft2hr. Figure 2 would then

=153~

reverse ccombus
Ltially stabl
zone arcound the
ively widens, t
2 Hence, let us
of the

.

tion prnﬂgss
As the
well bn:e Prog
glir f£lux d_cA
determine the ;av~Longfh A
most highly amplified wave given bv
2g. 37 whose wavelength LOVKOEDuAkS
to a E£lux given by 1500/ (wX=s4).
Egquation 37 gives the wave number

or wavelen of a two-dimensional
disturbance. The fingers observed

in the reverse combustion process
would eppear to be circu in cross-
saction and hence ceorrespuad to
three-dimensicnal disturbance In

a f:“OHeneou medium the havolcwrth

f the most highly amplified three-

;

e+
* = 9

menSLOnJL disturbance will bhe
_ual to +2 times the wave length
nf the mest highly amplified two-
dimensional disturbance determined
by ea. 37 or the more general cor-
relation given in Figure 2. Far &
given gas injection velocity, this
wavelength 1s unigue and gilven by
Zi 't. Thig agrees well witn esti-
mate of the Einger size for the
reverse combustion link.

\O
JH‘

The Hanna II Phase II test has
lkeen the only one with sufficient
instrumentation to Low an estima-
tion of reverse combustion tube size
from thermal data. These data
indicated the formation of two_ link-
age paths with a 3liameter of 2+/2
Eo 31/2 feet (Hommert, 1977; Hom-
mert and Beard, 1977).

The analysis in this paper re-
presents an init*a] investigation
of instability in reverse combustion.
The analysis at best is expected to
be semi-quantitative because of the
simplifving assumptions adopted.
Nevertheless, such quantities as
finger size are predicted with
surprising accuracy. A more accu-
rate and much more complicated sta-
bility analysis is currently under
development to determine if this
excellent agreement with field test
data is largely fortuitous.

In a field design of the .rinked
vertical process, it is importa:.:
to estimate the air requirements
for reverse combustion linking be-



cause specially designed high pres-
gure conpressere are often used for
this purpose. If finger size
be reliably predicted, the cross
cectional 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 compres-
sors are to be praoperly designed.

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

Heoverse combustion during in
gitu coal vgasification is unstable
at the conditions used during the
Hanna field tests. In principle,
reverse combustion can be stabil-
ized at verv high air flux rates;
however, the Hanna ccal is not very
permeabie (3 to 10 millidarcies)
and the needed flow rates may not
be attainable for reasonable well
spacings. Lignite and lower grade
subbituminous coal are much mcre
vermeable, and reverse compustion
stablilizatian at high air flux rates
may be possible.

Ir summary the major cenclusions
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, wnich
ignores combustion instability
cannot correctly predict reverse
combustieon linking results for field
tests conducted at normal operating
conditions. 2. Calculated ccmbus-
tion front finger sizes agree well
with field test data.
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. The air injection rate should be

held constant irrespective of well
spacing. Lirking time should in-
crease linearly with distance. 4.
If air flow rates are properly
scaled, combustion instabilities
can be reproduced in laboratory
size eguipment.
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NOMENCLATURE

A dimensionless consrant in eq.
1l = %/ (T.-T )
f v
a dimensionless amplitude of per-
a : e
- turbed combastion front
B dimensicnless constant in eq.
= *®3r d{m -
11 = B xg,(lf ‘v)
€, heat capacity of gas in region
¥ 1
C, heat capacity of solid in
¥ region I
£ function defined by eg. 29
i, heat of combustion
N
AHV heat of vapcrization of water
kI permeability in region I
kII permeabilitv in region II
Nc dimnensionlazss constant defined
by ea. 4
M = k R
k IIug’ e
N dimensionless constant defined
L by eg. 6
NR dimensionless constant defined
by eqg. 5
P pressure
Sw relative saturation of water
N
t time
T temperature
Tf temperature of combustion
| front
T temperature of steam front




L L —

v velocity of comby ‘tion front

vg velocity of gas in region I

X stationarv coordinate measured
from i1njection well

v lateral cocordinate

E vertical ceoerdinate

ireek Letters

a dimensionless wave nunker
W A
2tn_/
o most highly amplified wave
number

neutrally stable wave number

- diniensionless wave number in
I v-direction
0 dimensionless wave number in
i 3 .
z direction
f dimensionless frequency
= g% v
ng/ -
Y dimensionless frequency
= N_ t N
o ¢I) RB
¥ maximaum amplification rats
n coordinate measured posit.ve

from combustion front inte
region II

Ny scale factor defined by ea. 2

Neg v-cacordinate of steam frant

b wavelenath

uo shegr viscosity of gas in
regign It

u shear viscosity of gas in

g region I

Pa dens ty of injected air

pq density of gas in region I

oé density of coal

B, density of liguid water

T dimersionless amplitude of
temperature perturbation

$; perosity in region T

We weight of oxygen per unit

weight of gas in region I
Superscrip:s

denotes time-average or
unperturbed guantity

i denotes dimensicnal quantity

< denotes perturbed auantity
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Figure 1. Idealization of Reverse
Combustion Process
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