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HEATING OF A FULLY SATURATED DARCIAN HALF-SPACE.:
PRESSURE GENERATION, FLUID EXPULSION, AND PHASE
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Abstract— Analytical solutions are developed for the pressurization, expansion, and flow of one- and two-
phase liquids during heating of fully saturated and hydraulically open Darcian half-spaces subjected to a step
rise in temperature at its surface. For silicate materials, advective transfer is commonly unimportant in the
liquid region ; this isnot always the case in the vapor region. Volume change is commonly more important than
heat of vaporization in determining the position of the liquid—vapor interface, assuring that the temperatures
cannot be determined independently of pressures. Pressure increases reach a maximum near the leading edge
of the thermal front and penetrate well into the isothermal region of the body. Mass flux is insensitive to the
hydraulic properties of the half-space.

NOMENCLATURE

thermal expansion parameter, o T, — T,)
heat capacity

ratio of penetration depths for thermal and
hydraulic diffusion, \/(x)/w)

ratio of penetration depths for thermal
diffusion of liquid- and vapor-filled regions,
NS

parameter in Clapeyron equation, defined by
equation (9)

parameter in nondimensional Clapeyron
equation, defined by equation (34)
parameter in Clapeyron equation, defined by
equation (9)

parameter in nondimensional Clapeyron
equation, defined by equation (34)

absolute permeability

thermal conductivity

heat of vaporization

pressure

modified Peclet number, defined by equation
(32)

heat flux

mass flux

ratio of properties of vapor to that of liquid
(e R, = u/w)

modified Stephan number, (pC),(AT)/dp,.L
time coordinate

temperature

internal energy

Darcian velocity

length coordinate

position of liquid—vapor interface.

Greek symbols

o

=3 v

thermal-expansion coefficient,
(—1/p)(0p/0T)p and equations (4) and (24)
compressibility, (1/p) (6p/dP)y

normalized Boltzmann coordinate, /1
Boltzmann coordinate, x/,/(4xt)

=]
8

S €SO TR >A

<

w

nondimensional temperature,

parameter in nondimensional Clapeyron
equation, defined by equation (34)
thermal diffusivity, K/(pC),

position of liquid—vapor interface, X/./(4,t)
position of maximum pressure

dynamic viscosity

fluid density

porosity

nondimensional pressure,
(P—P_)R, k/22* Ak,

nondimensional pressure,
(P_Peo)Rpck/Axl(buv

nondimensional pressure, (P— P )k/Ax;u
parameter in nondimensional Clapeyron
equation, defined by equation (34)
hydraulic diffusivity, k/¢up.

Subscripts

0

@
b
c

<a'_'""

valueatx =0orn =0

valueat x = o0 org =

bulk porous composite

value at x = X or n = 4, on the Clapeyron
curve

fluid

liquid region

solid matrix

vapor region.

1. INTRODUCTION

GiBsON et al. [1, 2], and Cross et al. [3], argue that
porous, water-saturated iron-ore pellets can be
ruptured by high fluid-pressures generated as a result of
intense heating during industrial drying processes.
Their equation development, however, is not equiv-
alent to that of Delaney [4], who calculates fluid-
pressure increases in water-saturated rocks subjected
to intense heating from rapidly emplaced magmas in
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theearth. Delaney [4] treats a hydraulically sealed half-
space; conversely, Gibson et al. ['1, 2], Cross et al. [3],
and the present paper treat an open half-space. Pressure
increases are greatest if the body is initially fully
saturated; this situation is considered here. A
somewhat similar analysis has been performed to
investigate the effects of intense heating of low-
permeability concrete walls that are initially only
partially water-saturated [5, 6]. The condition of
partial saturation, in combination with the low
permeability, leads to characteristic hydraulic dif-
fusivities for a vapor-filled material that are less than
the thermal diffusivity of concrete. Most rocks,
unlithified sediments, soils, and other porous solids
have hydraulic diffusivities that are much greater than
their thermal diffusivities. The present analysis focuses
upon such materials and differs from treatments of
drying in porous materials in that hydraulic diffusivity
is responsible for migration of the pore fluid, rather
than moisture diffusivity [7-10].

Most analyses of heat transfer due to igneous
intrusion [11-14] apply in situations when heat
transfer is of sufficient duration to generate convective
cells. Many igneous processes involve rapid rates of
invasion of magma, for which the initial response of
ground water is governed by a ‘thermal pressurization’
flow [4] that acts prior to the onset of natural
convection. The analysis presented here can be used to
estimate maximum pressures generated during sudden
intense heating of saturated porous materials,
maximum rates of entry of ground water into igneous
intrusions, and fluid flux during the initial stages of
drying of a porous material, where capillary forces are
negligible. An example will be given to estimate the
likelihood of fluidization of wet sediments during heat
transfer from an invading magma. Emphasis will be
placed upon verification of scaling relations for
pressures and velocities; presentation of a complete
parameter study is beyond the scope of this paper.

2. EQUATIONS

Buoyancy effects are neglected, as well as those
arising from deformation of the solid matrix of the
porous composite. It is assumed that the expulsion of
vapor is sufficiently intense that there is no counterflow
of air entering from outside the half-space. The fluid can
exist in either of two phases ; for the problem at hand it
can be shown [4, 13] that the liquid and vapor are in
contact along a single planar interface so that a two-
phase region is not present. Values of nondimensional
groups are estimated for situations where the porous
matrix is a silicate, the pores are filled with an aqueous
fluid, and the difference between the ambient and wall
temperature is AT ~ 10?-10 K.

2.1. Field equations
Conservation of mass, momentum, and energy are
given by [15, pp. 83, 149-150, 318]
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(Inertial, pressure-work and kinetic energy terms were
found to be unimportant and are therefore neglected.)
Employing the linear expansions

dpv = Po(ﬂv dP—av dT)’ dpl = poo(ﬁl dI)_al dT)a
)

and recognizing that the interface between the liquid
and vapor regions moves as X = X(t), one can write
equations for pressure and temperature in the vapor
(x < X) and liquid (x = X) regions
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where w, and w,, and k, and k, are thermal and
hydraulicdiffusivities, respectively. The second termsin
the flow equations (5) and (7) contain the parameters
/B = (éP/0T),, which, combined with an appropriate
expression for 0T/dt, accounts for the primary forcing
process for pressurization and flow of pore fluid due to
accumulation of heat.

2.2. Interface equations

Temperature and pressure on the liquid-vapor
interface must lie along the Clapeyron curve, which is
given by [16; p. 208]

P, =g exp(—h/T). ©

For pure water between 373 and 746 K, g = 3.23 x 10*
MPa and h = 4.71 x 10® K, with 4 maximum error of
0.11 MPa at the critical temperature. The conditions
applied at this interface are

TX)=TX") =T, (10)
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PX"y=PX")=P, {11)

X
X" - Q) = ~#or—p) s (12
X
aX ") —qX7) = dpicl—-, (13)

where mass and heat fluxes, @ and g, respectively, are
given by

Q= pv, (14)
oT

= —-K-——+UQ. 15
q Fl 0 (15)

2.3. Boundary and initial conditions

Consider the case

T(wo,) =Ty, T(x,t<0) =T, TO)=T, (16)
P(oo,t)=P,, Px,t<0) =P, P01)=Ps=P,.
{am

The third condition in equation (17) is appropriate for
drying and related problems where the wall of the half-
space is exposed to the atmosphere. However, it is
somewhat arbitrary for problems of igneous intrusion,
where pressures depend, in part, upon the hydraulic
properties of the invading magma. The condition
v(0,¢) = 0 has been treated [4] and is probably the
more common end-member condition for heating of
water adjacent to igneous intrusions. Although the
no-flux condition maximizes pore-pressure increases
due to heating, the no-pressure condition treated here
maximizes velocities.

2.4. Nondimensional variables
One can apply the Boltzmann transformation

1 = x//(4xt),
and infer that the liquid-vapor interface moves as
A= X//(@4x). {19)

For the nondimensional transformed equations to
have pressures and pressure gradients in the vapor
region that are of order unity, one normalizes 7 by 1

{=n/A (20)

The nondimensional temperature, 0, and pressure, ¥,
are

(18)

0 =(T-TT—-T)=(T-T)AT, (21)
Y = (P—P )R, k/2A* Axyu,, 22)

where
R, = py/Pros 23)

A =oAT = (~1/po) [(Po~ p)To— T} To— To,).
24

1/R,,_is the volume expansion due to the phase change.
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For AT > 10? K, one has R, ~ 107°-107% A is the
overall volume expansion of the fluid raised through
the temperature difference AT and, therefore, contains
contributions fromr the expansion in the liquid and
vapor phases, as well as the phase transition. o is defined
as an effective thermal expansion coefficient, obtained
by applying a finite-difference approximation over AT.
For AT > ~10%, wehave p, <€ p,,so thata ~ 1/(AT)
and 4 ~ 1.

When recast in terms of {, 8, and ¢, equations (5}+8)
are

W'+ 2DIAY = (/)R L0+ (o, /) AG - Y’
—2DLAHA/R, W'Y, (<1, (29)
" +2E2A200 = —24% Pe, y'+ @,
Y +2DPLY = (/o) (R, /RO +(o/2) A6 -y
—2D{AHA/RR W Y, (=1,
0 +24200 = — 242 Pe, §' 0,

(26)

@7
28

where primes indicate differentiation with respect to {
and

D, = Jxjo,), D = (/o) 29)
E= \/(KI/KV)’ (30)
Ru = “v/ul’ (31)

Pe, = (AE*/R, ) [$(pC)e/(pC)o],

Pe; = (AR/R,) [¢(pCh/(pChp].  (32)

Ingeneral R, ~ 1072107, D, < 1,and D, < . Where
R, <l,onchasa/e < landay/ou < 1;whereR, ~ 1,
itis commonly the case that o /¢ ~ land o)/a < 1. The
term for the accumulation of pressure in the vapor
region, the second term on the LHS of equation (25), is
sensitive to the normalized vapor diffusion distance
1/D,A > 1; the extent of the vapor region is much
smaller, so this term is commonly negligible and
henceforth neglected. The first two terms on the RHS of
equation (23) are both small where the expansion is
dominated by the phase change; these terms will be
neglected for this case. The last term on the RHS of
equation {25) and the last two terms on the RHS of
equation (27) are small, and henceforth neglected.

The strength of advective heat transfer is reflected by
the Peclet numbers, Pe, and Pe;, and the position of the
liquid—vapor interface, 1. Take (pC), = ¢(pC)+
{(1—@)(pC)y, where (pC),, is the heat capacity of the
matrix material. For siliceous rocks at elevated
temperatures, (pC), ~ 20 MJ m~3 K~ [17]. Taking
values of water and steam at average temperatures for
their respective fields, (pC), ~0.5 MJ m™3 K~
and (pC)y =2 MIm™ 3K L. For4~1,R, ~ 1072,
1/R, ~ 10°® and ¢ ~ 0.1, one has Pe, ~ 10° and
Pe ~ 1071,

The Clapeyron equation (9) transforms to

Yo=Gexp[—HNO.+0.)]1— ¥, (33)
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where
G = gR, kj2v* App,, H = h/AT,
Ve =P R, k22 Ay, 6, =T, /AT. (34)

The interface conditions, equations (10)H13),
transform to

Y(17) =y(17) = ¢, (35)

017)=0017) = 0, (36)

=Y ()+R/R,W(17) = —(1=R,)/4, (37)
—0(17) +(I/RYO(1T)—(Pey/Re )0y (17)
+Pe, 04p/(17) = (22/S[1+Ay'(17)], (38)

where
St = (pCY(AT)/¢ppyL, (39)
Re, = Ceo/Car, (40)
Ry = KV/Kl' (41)

The parameter (1R, )/A in equation (37) is a ratio of
the expansion due to phase change to the overall
amount. Commonly, one has (1-R,)/A ~1 and
1/St < ~107'. Thus, for most porous materials and
AT > ~10?%, energy consumed in the liquid-vapor
phase transition is less important in determining the
position of the interface than volume change. In
general, Re, ~ 107!, so that the advective component
of the heat flux across the interface is important, if

Pe, > ~107".
The boundary conditions are
00) =1, 6(cw) =0, (42)
Y(0) =0, (o) =0, (43)

so that the problem is now expressed as two coupled
two-point boundary-value problems with a common
internal boundary.

3, EXPANSION DOMINATED BY PHASE CHANGE

The equations are scaled for situations where the
phase change is the dominant mechanism of the
expansion of the fluid. The choice of pressure and
distance scalings includes the parameter 4, which must
be determined from the solution itself. For 22%Pe, < 1
and 24%Pe, < 1 the boundary-value problem for the
temperature field reduces to Newmann’s solution to the
Stephan problem

0 =1—(1—8,) erf (EAQ)/erf (EA),

2i2Pe,<1; (<1, (44)

0 =0, erfc (40)/erfc (4),
2)2 Pe < 1;

{z1, 49

where 0, is, as yet, undetermined. By straightforward
manipulations, pressures are found to be

b= v, (<1 (6)

PauL DELANEY

¥ =Y.+ AR, /242 AR (1 — D})] erfc (D,A)/erfc (D,4)

—[A4,R, /222 AR (1 —D})] erfc (il)ferfc (A),

> NN )]

where

AJA = (a/2)0,. (48)

measures the importance of thermal expansion within
the liquid region to the overall expansion. To a good
approximation 1 —D? =~ 1 for most plausible values of
D,, and E ~ 1. These simplifications are used hence-
forth. Expansion in the fluid region may be sig-
nificant because, if 4,R, /AR, is not necessarily much
less than 1, one finds that  ~ y, erfe (D A0)/erfc (D4)
for { > ~1. These approximations reveal that
maximum pressures are attained at the liquid-vapor
interface, that there is a rapid flow of vapor from the
interface to the outside of the half-space, and that there
isaslow flow of vapor into the isothermal regions of the
half-space.

Equations (46) and (47) are differentiated and
inserted into the equations for conservation of mass
and energy at the liquid-vapor interface. Ignoring
small terms in equation (47), one finds

Yo=(1~R,)/A =1, (49)
(1—0,) exp (— A%)/erfc (A)— RxB, exp (— i)/erf (A)
= (VRA/SH(1 + AY), (30)

which must be solved in conjunction with the
nondimensional Clapeyron equation. Equation (49)
verifies that nondimensional pressure and pressure
gradients in the vapor region are indeed of order unity.

As a good simplifying approximation appropriate
for many situations, let 1/St =0 and Rg =1, so
that equation (50) is satisfied by . = erfc (1). Then,
J can be determined from the Clapeyron equation
Y.~1=Gexp[—-H/(0.+0,)]—y¢., which is re-
written with the new variable

¥ =213 =(P—P )R, k/Axdpu,. (51)

to yield
Y.~ 222 =G exp[—Hflerfc () +0,)1—V¥.. (52)

where the Clapeyron parameter, g, and ambient
pressure parameter, P, have been rescaled in the same
manner as equation (51). Using values of g and h for
pure water and atmospheric initial conditions, 4 varies
only with R, k/k¢pu, and AT. This is shown in Fig. 1,
where it is shown that A2 > ~ 10 ! for most situations
of interest.

Where expansion of the fluid is dominated by the
phase change, the mass flux from the half-space is

Qo = (P ALH/R, (/W = p A2 (k/1).  (53)

In contrast to the maximum pressure, which is sensitive
to hydraulic properties, mass flux from the half-space is
independent of relative permeability, k/u,, even though
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FiG. 1. (a) Interface position, 4, vs R, k/Ax¢u, for various AT.

(b) Clapeyron temperature, 8, vs R, k/Ax¢p, for various AT.
Atmospheric initial conditions, T, =300 K and P =
0.1 MPa, are used.

the flow is Darcian, implying that rates of drying due to
Darcian flow may not be easily distinguishable from
drying by other diffusive mechanisms.

Equation (52) offers a relatively simple solution for
pressure increases due to heating of hydraulically open
bodies subject to heating and is a valid approximation
where R, < 1,24% Pe, < 1 and 24% Pe, < 1. This is not
always the case, and we now treat some related
problems.

4. EXPANSION DOMINATED BY PHASE CHANGE, WITH
ADVECTION

For many situations Pe, ~ 1. It therefore appears
that the restriction 24% Pe, < 1 may severely constrain
the applicability of the solution presented above.
For instance, if AT =750 K and R, k/Ax¢u, =
1075 Pa~?, then one can find from Fig. 1 that A =038,
so that 24% = 1.3, and advective transfer is found to
be a nonnegligible heat-transfer process. However,
for R, < 1,onehas A,/4 < 1, and the linear pressure
distribution in the vapor region can be inserted into the
energy equation (26) to yield

0"+ 223+ Peg w0 =0, (<1, (54)
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which has the solution
0 =1—(1—0,){erf [+ Pe, ¥.)]
- erf (}“ Pev lpc)}/{erf [A(l + Pev l/’&:)]
—erf (APe, y.)}, {<1. (55

For A = land R, < 1, theinterface equation for mass
shows that Y, = 1. The interface equation for energy
and the Clapeyron equation show that

0, = e~ (17 P erfe (1) {e~# (A TPV erfe ()
+[\/rA(Pe,/Rc,) erfc (A)+e *]
x [erf [A(1 + Pe,)]—erf (APe,)]} !

=H/ln [(1+y,)/G]—0,. (56)
For the case 24 Pe, < 1,it was found that 4,1, and 6,
vary with AT and R, k/Ax¢p, for any given initial
conditions. The severity of this constraint is tested by
considering the additional parameters Pe, and R, . For
the case Pe, = 1 and R, = 0.4, equation (56) is solved
for A, for various values of AT, and R, _k/Ax¢p, in Fig.
2.1t is clear that A is reduced in comparison to the case
Pe, < 1. Temperatures and pressures in the thermal
region are shown for various Pe, =0 and 1, and
R, k/Ax¢u, =10"7 Pa~' in Fig. 3. For the case
AT =750 K and R, k/Ax¢pu, =10"¢ Pa~!, Fig. 2
shows that A = 0.5, about 40% less than for the case
where advective transfer is neglected.

5. EXPANSION NOT DOMINATED BY PHASE CHANGE

Conditions can be such that the phase change is not
the dominant mechanism of expansion of the fluid. It
is thus of interest to consider the case R, ~ 1 and
1/St = 0. Where fluid expansion is dominated by the
phase change, the term on the RHS of equation (39)
dominates the conservation of mass on the interface;
here that term is negligible.

Temperature is given by 0 = erfc (A{). Ignoring

1000 —
T 750
1 500 —
05—
AT =250 K
X -
o}
I [ I | [ I B
1079 o7 107° 1073

Ry, KAk pp, (Pa™

FiG. 2. Interface position, 4, vs R, k/Ax¢p, for various AT.
Pe,=1,R;, =04, T, =300K and P = 0.1 MPa.
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Fig. 3. Temperature ( J and pressure (—-——)

distributions within the thermal region. AT =500 K,

R, =04, R, k/iAxdp, = 10”7, and atmospheric initial
conditions (T,, = 300K and P_, = (.1 MPa).

nonlinear terms, pressures are given by
¥ = [~ (o,/e) erf (DI + (o, /0r) exf (A7),

(<1, (57

¥ = [¥.+(a/aR,) erfc (1)] erfc (DALY
erfe (D,2)—(w/aR,) erfc (A0, {>1. (58)

Expanding erfc (D;A0) and erfc (D,4) in equation (58)
and inserting into the interface equation (38), one finds

¥, — (o, /) erf (A)+(24a,//mr) exp(—47)
= —(2DM/\/m) [ R, + (/) erfc (D]/
[1—@D,3//m)]+ (2Aay/y/ma) exp(—2%). (59)

Noting that the maximum pressure is at, or very near,
the phase boundary, one can select 4 = A, so that
¥, = V¥ e and the Clapeyron equation does not enter
into the solution. In this instance, the pressure gradi-
ent on each side of the interface must be zero, so that
each side of equation (59) is set equal to zero, yielding

Vomax = (/) [erf (A)—(2A//m) €]
= (/2R D) [(1 —2D AL /) exp(—A?)

— Dy erfc (A)}. (60}

Note that A depends only upon («,/x)R, and D,. In
general, one finds that 1072 < (&, /)R, < 10° and
10™* < D, < 107 *. A is shown as a function of D, and
(e,/2)R, in Fig. 4(a). The relation between ¥ p,./(or,/2)
and A is shown in Fig. 4(b). It is apparent that A > ~2
for most situations of interest. Where this is the case
a/x =1 and the pressure scaling, (P — P )k/Axdu,,
yields nondimensional values that are of order unity.
The Peclet number for the thermal region is
Pe ~ A[¢{(pC);,/(pC),), which is commonly small.

6. THERMAL EXPANSION WITHOUT PHASE CHANGE

Conditions of heating can be such that a phase
transformation does not occur. If §, 2 1, the half-space

Paur DELANEY

Ymax
a,’/a
0.9
0.8 —

e e e e TR
1.5 2.0 25 3.0
A

FiG. 4. {a) Position, A, of maximum pressure vs D, for
various (&,/#)R, (b) Normalized maximum pressure,

W ma/ (/8 (~ W), VS A

is filled entirely with liquid; if 8, < 0, with vapor. In
either case, the Clapeyron and interface equations can
be neglected, and the subscripts v and | are dropped
from the field equations. We use the Boltzmann
variable A, rather than the xlormaiized variable {,
and the pressure scaling ¢ =({P—P k/Axdp =
(P—P_)B/AD? For Pe < | and A < 1, pressures are
given by

¥ =erf (n—erf (D), A<l (61)

For AT < ~10? K, one has 4 < 1, and neglect of the
second term on the RHS of equation (25) is justified.
This pressure distribution, and its associated velocity
distribution is shown for various values of D in Fig. 5.
For the common situation of D < 1, the size of the
thermal region is negligibly small (~ 1) in comparison
to the hydraulic region ( ~ 1/D). Outside of the thermal
region, n » 1, pressures are well approximated by
W ~ erfc (Dn). The region of greatest interest for dry-
ing processes is the thermal region, n < ~1, where
W ~erf{y). For D<1 and #>1, we have
v ~ ¢pAD,/(k/nt) exp(— D?4?) = 0. Within the thermal
region, < ~ 1, we have v = — @ A./(x/nt) exp(—n?).
For D < ~ 1073, the nondimensional velocities are
approximately independent of D and velocities are
negligibly small outside the thermal region.
Differentiating equation (61) and setting v = 0, one
obtains an expression for A, the value of n where
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(a) I.O—'\-\\
— \9\
v ] |
05+  p=10"" 102 1073 |0\4
0 T T l\ \| \ 1
1072 10° n 102 10*
(b) ]
o_
, _
¢d¢x/1r;
-0.5
0=10 2
-10 . P 1,
10”7 10 10 10
n

F1G. 5. Semi-logarithmic graphs of nondimensional pressure
and velocity vs Boltzmann coordinate, 5, for A < 1. (a)
Pressure for D = 107,1072,1073, and 10™4. (b) Velocity for
A<1 and D=10"! and 1072 Dashed line in (a) is
nondimensional temperature.

ll; = ';max

A = J/(—In (D)(1-D?). (62)

For D =10"!, a relatively large value, one has
A =153; for D =10"2, one has A = 2.15. Noting
that erfc (2) ~ 0, typical values of D(< 1) yield maxi-
mum pressures outside the thermal region, n > ~2.

6.1. Numerical results

The above results are valid for Pe € 1and 4 < 1. To
test these approximations, equations (27) and (28) were
integrated numerically. Numerical solutions for the
special case Pe = A =0 are in agreement with the
analytic solution given above.
_ Numerical results are summarized in Fig. 6, where A,
¥ max> and the normalized mass flux at x = 0 are plotted
against D, for A<1 and A =1, and Pe €1 and
Pe=01, 1. A varies with 4 [Fig. 6(a)] and is
approximately independent of Pe, so that the position
of the maximum pressure as given by equation (61) for
A <1 is only about 0.1 greater than for A = 1 and
Pe < 1. Thus, numerical integration of the coupled
transport equations indicates that the maximum
pressure occurs outside the thermal region (A > ~2)
for D < ~ 1_0‘2. Maximum nondimensional pressure
[Fig. 6(a)] ¥ .., can exceed unity by as much as 40% if
Pe<land A =1.IfPe~1land 4 = l,them;,misof
order unity for D < ~1072, a result that is
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(a) 3»0W

A\

T B

T
1073 1072 o 107! 100

FiG. 6. Comparison of analytic (4 < 1) and numerical results

(A =1;Pe=0,0.1,and 1) vs D. (a) Position, A, of maximum

pressure. A does not vary substantially with Pe. (b) Maximum

Pressure, Y., Ymex is approximately equal for cases A = 0,
and A = 1 and Pe = 1. (c) Mass flux, Q,,.

approximately the same as the analytic solution for
Pe < 1and A < 1. In general, however, the analytical
solution for A < 1 underpredicts the pressure increase
due to heating by as much as 40%,. The effect of
increasing values of Pe is to reduce the rate of heat
transfer into the half-space and therefore to reduce the
thermally generated pressure increases. The rate of
fluid expulsion from the half-space [Fig. 6(b)] can be
~ 1009, greater for A = 1 and Pe < 1, thanfor 4 < 1
and Pe < 1.

7. DISCUSSION

After the onset of heating, fluids within the half-space
first undergo a slow pressure increase and flow slowly
away from the heat source. As the pressure attains its
maximum value, the fluid stops flowing. The fluid is
then heated and accelerates toward the wall of the half-
space as it expands and changes phase during its flow
through the thermal region. The velocity contrast at the
phase boundary is of the order of the volume change at
that boundary. For the purposes of making order-of-
magnitude estimates of the above parameters, results
provided by the analytical solutions, above, are ade-
quate. To obtain more precise values, governing equa-
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tions that include effects of temperature-dependent
properties should be integrated numerically.

The condition of a hydraulically open half-space
(Py = P_) maximizes the flow rates due to heating of
the pore fluid. The condition of a hydraulically sealed
half-space (v, = 0) maximizes the pressure increase
due to heating [4]. In the former case, maximum pres-
sures as well as mass flux are found to be sensitive to
properties of the vapor region and R,_and insensitive
to f, so that AP ~ 24*Ax¢u,/R, k. In the latter case,
maximum pressures are found to be insensitive to prop-
erties of the liquid region and R, and sensitive to f,
so that AP ~ AD\/B = A\/(k¢u/Bk). Although not
treated here, § is found to be a property of the pore
fluid and porous matrix for most rocks and unlithi-
fied earth materials [4]. This effect can be included
without sacrificing the analytical nature of the results
presented above.

It has been postulated by Kokelaar [19] that heat
transfer during intrusion of magma gave rise to
fluidization of nearby uncemented sediments. For k =
107°m?s™ !, ¢ =03, 4=1,AT =750K,and R, =
1073, one finds that A = 0.5 for

kjnw,= ~3x107"°m? Pa~ s L

Using g, = 4 x 1075 Pas, we find that AP < ~1 MPa,
for k < ~107'* m?2. After | h of heat transfer, the
maximum velocity of steamis ~2 x 10" > m s~ !, suffi-
cient to fluidize quartz grains with diameters less than
~3x 10”2 mm [20]. This is a very fine grained sedi-
ment, and most of those described by Kokelaar are
coarser. Even if pressure increases are sufficient to
overcome the overburden pressure and boundary
conditions which maximize velocities are achievable, it
still appears that fluidization of the extent and by the
process postulated by Kokelaar is an unlikely
occurrence restricted to extremely fine-grained
materials.

8. CONCLUSIONS

A theory for Darcian flow due to thermal
pressurization of pore fluids has been developed and
solved for the case of a stepwise temperature increase at
the surface of a fully saturated, hydraulically open half-
space. There are two primary driving parameters for
pressurization and flow. The first is A = AT (~1),
which reflects the overall expansion of the fluid heated
through AT ; the second is R, = py¢/p). (< 1 for near-
atmospheric pressures), which is the expansion due to
the change of phase. These driving terms are generated
through the rate of heating of the porous material,
which is primarily sensitive to thermal diffusivity. Thus,
the rate of drying by a Darcian flow mechanism is
proportional to the rate of advance of the thermal front.
Maximum pressures, however, are found to lie near or
outside the leading edge of the thermal front, so that the
mechanical effect of heating penetrates further into the
porous material than the heat itself.

The simplest analytical solution is for heating in the

PAuUL DELANEY

absence of a phase change. In this instance, if AT <

~10% K, A is indeed much less than 1 and the pressure
increaseis ~ AD?*/f = Axpu/k. AT > ~102K, then
Aiscommonly ~ 1 and there is a contrast in properties
between the fluid in the thermal and hydraulic regions.
In this instance the pressure increase is ~ Axdu,/k. For
the important case where the phase change is the
dominant mechanism of expansion, it is found that the
heat of vaporization is not a significant energy sink. In
this instance, the pressure increase is ~ 242 Arx¢u,/R ook
where 4 is given in Figs. 1 and 2. Analysis reveals that
although advected heat is commonly negligible in the
liquid region, it can be significant in the vapor region.
Because many parameters, especially permeability,
vary over many orders of magnitude among different
materials, and because of the great number of
parameters that otherwise must be included in the
analysis, emphasis has been placed upon verification of
pressure and velocity scalings summarized above.
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CHAUFFAGE D’UN DEMI-ESPACE COMPLETEMENT SATURE: GENERATION DE
PRESSION, EXPULSION DE FLUIDE ET CHANGEMENT DE PHASE

Résumé—Des solutions analytiques sont développées pour la pressurisation, expansion et écoulement de
fluide liquide ou diphasique pendant le chauffage d'un demi-espace pleinement saturé, hydrauliquement
ouvert et darcyen, soumis 4 un échelon de température a sa surface. Pour des matériaux silicate, le transfert
advectifest généralement sansimportance dans larégion liquide ; ceci n’est pas toujours le cas dansla région de
vapeur. Un changement de volume est généralement plus important que la chaleur de vaporisation dans la
détermination de la position de I'interface liquide~vapeur, assurant que les températures ne peuvent pas étre
déterminées indépendantes des pressions. Les accroissements de pression atteignent un maximum prés du
bord d’attaque du front thermique et pénétrent bien dans la région isotherme. Le flux massique est insensible
aux propriétés hydrauliques du demi-espace.

ERWARMUNG EINES VOLLSTANDIG GESATTIGTEN HALBRAUMES NACH DARCY:
DRUCKAUFBAU, FLUSSIGKEITSAUSTREIBUNG UND PHASENWECHSEL

Zusammenfassung —Analytische Losungen werden fiir die Verdichtung, Entspannung und Strémung von
Ein- oder Zweiphasenfliissigkeiten wihrend des Aufheizens von vollstindig gesittigten und hydraulisch
offenen Darcy-Halbriumen entwickelt, die an ihrer Oberfliche einem Temperatursprung unterworfen
werden. Fir Silikate ist der Advektivtransport gewdhnlich im Flissigkeitsgebiet unbedeutend, was im
Dampfgebiet nicht immer der Fallist. Bei der Bestimmung der Position der Fliissigkeits-Dampf-Grenzfliche
ist die Anderung des Volumens gewéhnlich wichtiger als die Verdampfungswirme, wenn die Temperaturen
nicht unabhingig von den Driicken bestimmt werden kdnnen. Der Druckanstieg erreicht ein Maximum an
der “Anstromkante” der Wirmefront und setzt sich weit in das isotherme Gebiet des Korpers fort. Der
Massenstrom ist gegen die hydraulischen Eigenschaften des Halbraumes unempfindlich.

HATPEB INOJTHOCTbIO HACBIIIEHHOI'O JAPCOBO IOJIVIIPOCTPAHCTBA:
CO3JAHHUE NABJIEHUA, BBITECHEHUE XUJAKOCTH U USMEHEHUE ®A3

AnnoTaipis—IlosyueHbl aHAIMTHYECKME DELIEHHS U1 NPOLIECCOB CO3aHMA NABJICHHSA, PACLIMPEHHA U
TEUCHUSA O/IHO- ¥ ABYX(Da3HBIX KHIKOCTEH NPH HATPEBAHMHU MOJHOCTHIO HACHILICHHBIX H THAPABIMYECKH
OTKPBITHLIX JAaPCOBEIX [10JIYIPOCTPAHCTB NPH CTYNEHYAaTOM YBEJIHYEHHH TEMNEPATYphl Ha rpaHuue. B
CHJIMKATHBIX MaTePHa/IaX aABEKTHBHBIA 1EPEHOC OOBIMHO HE3HAYHTEIEH B XUAKOH (a3e, HO CyIECTBEHEH
B NapoBoi. [lns OnpesesieHHs NOJOXEHHA TPAHHUBI Pa3fielia XHAKOCTb-ap GONee BaXHO H3IMEHEHHe
061eMa, 4eM TeTIOThl Iapo06pa3oBanHsl, CBUACTENLCTBYS O TOM, YTO TEMNEPATYPA M AABJEHHE JOIKHbI
M3MEPATLCH O/IHOBPEMEHHO. BospacTalolnee AaBieHne IOCTHIAET MAKCHMATLHOTO 3HAYEHHA Y TepeaHeil
KPOMKH TEIJIOBOTO ()pOHTA M DACHPOCTPAHAETCA Yepe3 CTEHKYy B M30TEPMHHECKYIO OGJIACTh Tena.
l'uapaBimyeckne XapakTepUCTHKM MOMYIPOCTPAHCTBA HE OKA3bIBAIOT BJIMSHHMA HA BEMHYHHY NOTOKA

MAcCHI.
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