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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 is not 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. 
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NOMENCLATURE 

thermal expansion parameter, a( To - T,) 
heat capacity 
ratio of penetration depths for thermal and 
hydraulic diffusion, J(K Jw) 
ratio of penetration depths for thermal 

diffusion of liquid- and vapor-filled regions, 

,&I/‘%) 
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.g. R, = MI) 
modified Stephan number, (pC),(AT)/~p,,L 
time coordinate 
temperature 
internal energy 
Darcian velocity 
length coordinate 
position of liquid-vapor interface. 

Greek symbols 
a thermal-expansion coefficient, 

(- l/p)(&1/8T), and equations (4) and (24) 

F 

compressibility, (l/p) (@lap), 
normalized Boltzmann coordinate, r,r/I. 

? Boltzmann coordinate, x/4(4x+) 

nondimensional temperature, 

(T-TJ(T,--T,) 
parameter in nondimensional Clapeyron 
equation, defined by equation (34) 
thermal diffusivity, K/(pC), 
position of liquid-vapor interface, X/J(4rc,t) 
position of maximum pressure 
dynamic viscosity 
fluid density 
porosity 
nondimensional pressure, 

(P - P,)&k/2~2&~, 
nondimensional pressure, 

(P--P,)R,J/&~~~ 
nondimensional pressure, (P - Pm)k/Arclp 
parameter in nondimensional Clapeyron 
equation, defined by equation (34) 
hydraulic diffusivity, k/&@. 

Subscripts 
0 value at x = 0 or q = 0 

b” 
value at x = co or q = co 
bulk porous composite 

C value at x = X or q = 1, on the Clapeyron 
curve 

f fluid 
1 liquid region 
m solid matrix 
V vapor region. 

1. INTRODUCTION 

GIBSON et al. Cl, 23, 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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the earth. 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 [S, 61. 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-lo]. 

Most analyses of heat transfer due to igneous 
intrusion [ll-141 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 
ofair 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, 131 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 - lo’--lo3 K. 

2.1. Field equations 
Conservation of mass, momentum, and energy are 

given by [15, pp. 83, 149%150,318] 

(2) 

(Inertial, pressure-work and kinetic energy terms were 
found to be unimportant and are therefore neglected.) 

Employing the linear expansions 

dp, = po(Bv dP-a, dT), dp, = P,(B, dP-a, dT), 

(4) 

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 d X) and liquid (x > X) regions 

x < x (6) 

x 2 X (7j 

XbX (8) 

where w, and w,, and K, and K, are thermal and 
hydraulic diffusivities, respectively. The second terms in 
the flow equations (5) and (7) contain the parameters 
al/I I (aP/aT),,, which, combined with an appropriate 
expression for aT/&, 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. 2081 

P, = g exp ( - h/T,). (9) 

For pure water between 373 and 746 K, g = 3.23 x lo4 
MPa and h = 4.71 x lo3 K, with a maximum error of 
0.11 MPa at the critical temperature. The conditions 
applied at this interface are 

T(X-) = T(X+) = T,, (10) 
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P(X_) = P(X’) = P,, (11) 

Q(X+)-QW)= -44~ P )ax Ic- “C at ’ (12) 

dX’hw) = dJP&$ (13) 

where mass and heat fluxes, Q and q, respectively, are 
given by 

Q = PV, (14) 

q= --Kg+UQ. (15) 

2.3. gou~ary and initial co~iti~~s 
Consider the case 

T(co,t) = T,, T(x, t < 0) = T,, T(O, t) = T,, (16) 

P(m, t) = P,, P(x, t < 0) = P,, P(0, t) = Pa = P,. 

(17) 

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 
~(0, t) = 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. Non~i~~~ona~ variables 
One can apply the Boltzmann transformation 

? = &/(4&r), (18) 

and infer that the liquid-vapor interface moves as 

A = x/,/(dK,t). (19) 

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

i = VIA. (20) 

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

6 = (T-T~)/(T~-To) s (T-TT,),‘AT, (21) 

fb = (P - P,)R,ck/2~2Aw%%, (22) 

where 

Rpc = ~w4~i.r (231 

A = EAT = (-- ~/P,)C(P,-P,)/(T,--T,)I~T,--T,). 

(24) 

l/Rpc is the volume expansion due to the phase change. 

For AT > 10’ K, one has R,= N 10-3-10-2. A is the 
overall volume expansion of the fluid raised through 
the temperature difference AT and, therefore, contains 
contributions from the expansion in the liquid and 
vapor phases, as well as the phase transition. (r is defined 
as an emotive thermal expansion coefficient, obtained 
by applying a finite-difference approximation over AT. 
ForAT > - 102, we have p0 << pm, so that a. - l/(AT) 
and A N 1. 

When recast in terms of i, 0, and +. equations (5)-(g) 
are 

$” + 2Dzn2& = (uV/u)R,,@’ + (aJa)AtY * $’ 

-2D,Zk2(A/R,J$’ * $‘, l 6 1, (25) 

B+2E2L2[1Y = -22’ Pe, JI’*B’, (26) 

$“+ 2DF12[lC/’ = (a&) (RpJR,,)iY + (aJa)Af?’ * +’ 

-2D:/Z2(A/R,R,j,@ $‘, 5 2 I, (27) 

B”+2L”{cy = -212 Pe, @we,, (28) 

where primes indicate differentiation with respect to [ 
and 

(29) 

(30) 

(31) 

Pe, = W&&o) [~(PC)~(PC),I. (32) 

In general R, N 10-2-10-i,D, Q l,andD, e 1. Where 
R,_ e 1, one has @u Q 1 and a@ 6 1; where RPF N 1, 
it is commonly the case that a,/~ - 1 and a& < 1. The 
term for the accumulation of pressure in the vapor 
region, the second term on the LHS of eqdation (25), is 
sensitive to the normalized vapor diffusion distance 
l/D& 9 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 (25) 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),, where (PC), is the heat capacity of the 
matrix material. For siliceous rocks at elevated 
temperatures, @C), N 20 MJ m-3 K-l [17]. Taking 
values of water and steam at average temperatures for 
their respective fields, (PC& N 0.5 MJ rnw3 K-l 
and (PC),, N 2 MJ m-3 K-‘. For A - 1, R, N 10w2, 

l/R,= - lo3 and 6, - 0.1, one has Pe, N 10’ and 
Pe, - lo-‘. 

The Clapeyron equation (9) transforms to 

II/, = G =pC--HA@,+@,H-rl/,, (33) 
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where 

G = qR,ck/2v2AqcjpV, H = h/AT, 

$cc = P,,R,<k/2i2Aw, H,, = T,IAT. (34) 

The interface conditions, equations (lOH13), 
transform to 

ti(l_) = [Ml’) = $,. (35) 

0(1-j = 0(1’) = o,, (36) 

-$‘(l J+(R,IR&‘(l+) = -(I -R,JA, (37) 

--H’(l~)+(l/R,)6’(1+)-(Pe,/R,,)U,$’(l~) 

+ Pe, fI,t,b’( 1’) = (2i2/St) [ 1 + A$‘( 1 -)I, (38) 

where 

St = (PC),(AT)I&& (39) 

Rc,. = G&n, (40) 

R, = KJK,. (41) 

The parameter (1 - RJA in equation (37) is a ratio of 

the expansion due to phase change to the overall 
amount. Commonly, one has (1 - RJA - 1 and 
l/St < - 10-r. Thus, for most porous materials and 
AT> -lo’, energy consumed in the liquid-vapor 
phase transition is less important in determining the 
position of the interface than volume change. In 

general, R,, - lo- t, so that the advective component 
of the heat flux across the interface is important, if 

Pe, > -lo-‘. 
The boundary conditions are 

U(0) = 1, 0(m) = 0, (42) 

$(O) = 0, $(cc) = 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 1, which must 
be determined from the solution itself. For 212Pe, < 1 
and 2i2Pe, + 1 the boundary-value problem for the 
temperature field reduces to Newmann’s solution to the 
Stephan problem 

0 = 1 - (1 - f1,) erf (EIi)/erf (EL), 

23,’ Pe, < 1 ; ( < 1, (44) 

0 = 0, erfc (i<)/erfc (j_), 

22.’ Pe, << 1 ; ( 2 1, (45) 

where 0, is, as yet, undetermined. By straightforward 

manipulations, pressures are found to be 

ti = $,i> ; Q 1 (46) 

ti = [$, + A,R,J2J2AR,(1 -DF)] erfc (D,i[)/erfc (D,ii) 

~ [A,R,J2i?AR,( 1 pD$] erfc (x[)/erfc (L). 

i 3 t, (47) 

where 

A,,fA = (a,/r)fl,. (48) 

measures the importance of thermal expansion within 
the liquid region to the overall expansion. To a good 

approximation 1 - 0: N 1 for most plausible values of 
D,, and E 2 1. These simplifications are used hence- 
forth. Expansion in the fluid region may be sig- 

nificant because, if A,R,JAR, is not necessarily much 

less than 1, one finds that $ % $, erfc (D&)/erfc (0,;“) 
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 
is a slow flow ofvapor into the isothermal regions ofthe 
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 

$, = (1 -RJA = 1, (49) 

(1 - 0,) exp (- /L2)lerfc (j”) - R,C), exp (- EL2)/erf (i) 

= (,/zi!St)(l + A$,). (SO) 

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 l/St = 0 and R, = 1, so 
that equation (SO) is satisfied by (I, = erfc (I). Then. 
il can be determined from the Clapeyron equation 

$, N 1 = G exp[-Hl(O,+H,)]-$,, which is re- 
written with the new variable 

$ = 2L2$ = (P-P JR,<k/Ak-&L,. (51) 

to yield 

$, = 2a2 = G exp[-H/(erfc (I)+&)]-$,,, (52) 

where the Clapeyron parameter, 9, and ambient 
pressure parameter, P,_ have been resealed in the same 
manner as equation (51). Using values of g and h for 
pure water and atmospheric initial conditions, 1 varies 
only with Rp,k/m$pL, and AT. This is shown in Fig. 1. 
where it is shown that 1’ > - lo- ’ for most situations 

of interest. 
Where expansion of the fluid is dominated by the 

phase change, the mass flux from the half-space is 

Q. = (po+ll’/R,,)&/t)& = PI @.‘j(K;‘t). (53) 

In contrast to the maximum pressure, which is sensitive 
to hydraulic properties, mass flux from the half-space is 
independent ofrelative permeability, k/,uc,, even though 
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For the case 2L2 Pe, 6 1, it was found that 1, I,+, and 0, 
vary with AT and R,cklArc#+c, 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 1, for various values of AT, and Rpck/Alc4p, in Fig. 
2. It is clear that 1 is reduced in comparison to the case 

0; , I I I I I I Pe, @ 1. Temperatures and pressures in the thermal 
lO-g 10-7 10-5 10-3 

Rp, k/A K,#/LV ( Pa-’ ) 
region are shown for various Pe, = 0 and 1, and 
Rpck/A&, = lo-’ Pa-’ in Fig. 3. For the case 
AT = 750 K and R,ck/Ak-4p, = 10m6 Pa-‘, Fig. 2 
shows that I = 0.5, about 40% less than for the case 
where advective transfer is neglected. 

FIG. 1. (a) Interface position, 1, vs Rp,k/Am$p, for various AT. 
(b) Clapeyron temperature, &, vs Rpck/AKq$, 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 Rot < 1, 212 Pe, < 1 and 2L2 Pe, 4 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 212 Pe, << 1 may severely constrain 
the applicability of the solution presented above. 
For instance, if AT = 750 K and RpckjAtc& = 
10m6 Pa-‘, then one can find from Fig. 1 that /z = 0.8, 

so that 2L2 = 1.3, and advective transfer is found to 
be a nonnegligible heat-transfer process. However, 
for Rpc 4 1, one has AJA < 1, and the linear pressure 
distribution in the vapor region can be inserted into the 
energy equation (26) to yield 

tY + 2L2(5 + Pe, +,)CY = 0, c < 1, (54) 
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which has the solution 

0 = 1 -(l - 0,) {erf [a([ + Pe, $,)I 

- erf (1 Pe, IL&/W C41+ Pe, $,)I 

-erf @Pe, $,I), i < 1. (55) 

For A = 1 and Rpc < 1, the interface equation for mass 
shows that $, = 1. The interface equation for energy 
and the Clapeyron equation show that 

ec = e- A*( 1 + PC?,)2 erfc (1). {eeA2(l +pe”)2 erfc (1) 

+ [,/al(Pev/Rcr) erfc (A) + e “‘1 

x [erf [A(1 + Pe,)] -erf (IZPe,)]} 1 

= H/in [(1+$,)/G]-8,. (56) 

1331 

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 
l/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 (10. Ignoring 

1000 - 

750 - 

500 - 

05- 

x 
AT=250 K - 

FIG. 2.. Interface position, 1, vs Rpck/Am$p, for various AT. 
Pe, = 1, R, = 0.4, T, = 300 K and P, = 0.1 MPa. 
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FIG. 3. Temperature (- ) and pressure (---- -. ) 
distributions within the thermal region. AT = 500 K, 
R, = 0.4, R,ck/AKcjpc, = 10e7, and atmospheric initial 

conditions (T, = 300 K and P, = 0.1 MPa). 

nonlinear terms, pressures are given by 

J; = EJ;, --(~,i~) erf (Xi5 f (a&) erf (XL 

i d 1, (57) 

erfc (Dl~)-(c&R,) erfc (10, [ > 1. (58) 

Expanding erfc (Din{) and erfc (Din) in equation (58) 
and inserting into the interface equation (38), one finds 

$, -(cc&) erf (1) + (2laJJacr) exp ( - ;i*) 

= -(2D&% E$,R, +(a&) erfc (411 

[l-(2Dt~/~n)]+(2~cc~~n~) exp(--1*). (59) 

Noting that the maximum pressure is at, or very near, 
the phase boundary, one can select 1 = A, so that 

17;, = 5;“,,, 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 

17;,,, = (a&) Cerf (A) - (2AlJn) e -“*I 

= (~~~~~D,~ [( 1 - 2D*A/~~) exp (-A’) 

-D, erfc (A)]. (60) 

Note that A depends only upon (~,/a& and D,. In 
general, one finds that 10e2 < (~~/a& < 10’ and 
10-4<D,<10-i.Aisshown~afunctionofD,and 
(ct,,h,)R, in Fig. 4(a). The relation between $,,J(c&) 
and A is shown in Fig. 4(b). It is apparent that A > N 2 
for most situations of interest. Where this is the case 
MJ’CL = 1 and the pressure scaling, (P-P,)k/Alc#p,, 
yields nondimensional values that are of order unity. 
The Peclet number for the thermal region is 
Pe N A[qb(pC),,/(pC),], which is commonly small. 

6. THERMAL EXPANSION WITHOUT PHASE CHANGE 

For AT < _ 10’ K, one has A < 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 negIi~bly small (- 1) in compa~son 
to the hydraulic region ( N l/D). Outside of the thermal 
region, ye & 1, pressures are well approximated by 
3 N erfc (Dq). The region of greatest interest for dry- 
i_ng processes is the thermal region, q < - 1, where 
$-erf($. For I)$ 1 and ~9 1, we have 
u N qSAD&/nt) exp (- D2q2) N 0. Within the thermal 
region, q <I N 1, we have u 1: - $AJ(@) exp (- $), 
For D c N lo- 3, the nondimensional velocities are 
approximately independent of D and velocities are 
ne~igibly small outside the thermal region. 

Conditions of heating can be such that a phase Differentiating equation (61) and setting u = 0, one 

transformation does not occur. If Bc & 1, the half-space obtains an expression for A, the value of q where 

08 

FIG. 4. (a) Position, A, of maximum pressure vs f), for 
various (cc,/ol,)RR,. (b) Normalized maximum pressure, 

Q,,J(+) t - $,,A, vs A. 

is filled entirely with liquid; if ee < 0, with vapor. In 
either case, the Clapeyron and interface equations can 
be neglected, and the subscripts v and I are dropped 
from the field equations. We use the Boltzmann 
variable I, rather than the Eormalized variable <, 
and the pressure scaling tl, = (P-~~)~/~~#~ = 
(P-P,)@/AD2. For Pe Q 1 and A + 1, pressures are 
given by 

$ = erf (v)--erf (Dy), A 6 1. (61) 
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I 
10-Z I00 

7 
104 

FIG. 5. Semi-logarithmic graphs of nondiiensional pressure 
and velocity vs Boltzmann coordinate, q, for A 4 1. (a) 
pressure for D = lo- ‘, lo-*, 10m3, and 10m4. (b) Velocity for 
A 6 1 and D = 10-r and lo-*. Dashed line in (a) is 

nondimensional temperature. 

A = J( -In (D)/(l -0’)). (62) 

For D = lo-‘, a relatively large value, one has 
A = 1.53; for D = 10e2, one has A = 2.15. Noting 
that erfc (2) ‘v 0, typical values of D( 6 1) yield maxi- 
mum pressures outside the thermal region, rl > -2. 

6.1. Numerical results 
The above results are valid for Pe 4 1 and A < 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. 

3 

Numerical results are summarized in Fig. 6, where A, 
_, and the normalized mass flux at x = 0 are plotted 

against D, for A + 1 and A = 1, and Pe 4 1 and 
Pe = 0.1, 1. A varies with A [Fig. 6(a)] and is 
approximately independent of Pe, so that the position 
of the maximum pressure as given by equation (61) for 
A G 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 < - LO-‘. Maximum nondimensional pressure 

[Fig. WI $, can exceed unity by as much a,s 40”/, if 
PeQlandA=l.IfPe-landA=l,then$,isof 
order unity for D -C -10m2, a result that is 

(a) 3.0 1 

IO 

i 

I I I 
10-3 10-z 

D 
10-l IO0 

FIG. 6. Comparison of analytic (A 6 1) and numerical results 
(A = 1; Pe = 0, 0.1, and 1) vs D. (a) Position, A, of maximum 
pressure. Ijdoes_not vary substantially with Pe. (b) Maximum 
pressure, k... *,, 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 < 1 and A 6 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 
- 100% greater for A = 1 and Pe 6 1, than for A < 1 

andPee 1. 

7. DISCUSSION 

After the onset ofheating, 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 
(P, = P,) maximizes the tlow rates due to heating of 
the pore fluid. The condition of a hydraulically sealed 
half-space (uO = 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 8, so that AP - 212Arc~p,/R,ck. In the latter case, 
maximum pressures are found to be insensitive to prop- 
erties of the liquid region and Rot and sensitive to /1, 

so that AP - AD,/B = AJ(rc&/Pk). Although not 
treated here, p 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 1191 that heat 
transfer during intrusion of magma gave rise to 

fluidization of nearby uncemented sediments. For K = 
10e6 m* s-l, 4 = 0.3, A = 1, AT = 750 K, and R,< = 

lo- 3, one finds that i = 0.5 for 

klpL, = -3x10~~‘0m2Pa~‘s~‘. 

Usingp,=4xlO-5Pas,wefindthatAP< -lMPa, 

for k < - lo-l4 m2. After 1 h of heat transfer, the 

maximum velocity of steam is - 2 x 10 3 m s ‘, suffi- 
cient to fluidize quartz grains with diameters less than 
- 3 x lo-* 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 

proce& postulated by Kokelaar is 

occurrence restricted to extremely 

materials. 

8. CONCLUSIONS 

an unlikely 
fine-grained 

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 = aAT (- 1 ), 
which reflects the overall expansion of the fluid heated 
through AT; the second is R,= = pvc/ple ( d 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 

absence of a phase change. In this instance, if AT < 
- 10’ K, A is indeed much less than 1 and the pressure 
increase is -AD’//3 E Ax#+/k. If AT > - 10’ K, then 
A is commonly - 1 and there is a contrast in properties 

between the fluid in the thermal and hydraulic regions. 
In this instance the pressure increase is - Arc$p,/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 - 212Avz~pJR,ck, 

where i 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 DUN DEMI-ESPACE COMPLETEMENT SATURE: GENERATION DE 
PRESSION, EXPULSION DE FLUIDE ET CHANGEMENT DE PHASE 

RCume-Des solutions analytiques sont developpees pour la pressurisation, expansion et ecoulement de 
fluide liquide ou diphasique pendant le chauffage d’un demi-espace pleinement sature, hydrauliquement 
ouvert et darcyen, soumis a un echelon de temperature a sa surface. Pour des madriaux silicate, le transfert 
advectifest generalement sans importancedans la region liquide ; ceci n’est pas toujours le cas dansla region de 
vapeur. Un changement de volume est generalement plus important que la chaleur de vaporisation dans la 
determination de la position de l’interface liquide-vapeur, assurant que les temperatures ne peuvent pas Qtre 
determinees indtpendantes des pressions. Les accroissements de pression atteignent un maximum pres du 
bord d’attaque du front thermique et pen&rent bien dans la region isotherme. Le flux massiqae est insensible 

aux prop&& hydrauliques du demi-espace. 

ERWARMUNG EINES VOLLSTANDIG GESA’ITIGTEN HALBRAUMES NACH DARCY: 
DRUCKAUFBAU, FLUSSIGKEITSAUSTREIBUNG UND PHASENWECHSEL 

Zusammenfassung-Analytische Losungen werden fur die Verdichtung, Entspannung und Striimung von 
Ein- oder Zweiphasenfliissigkeiten w%hrend des Aulheizens von vollstlndig geslttigten und hydraulisch 
offenen Darcy-Halbriiumen entwickelt, die an ihrer OberlXiche einem Temperatursprung unterworfen 
werden. Fiir Silikate ist der Advektivtransport gewiihnlich im Fliissigkeitsgebiet unbedeutend, was im 
Dampfgebiet nicht immer der Fall ist. Bei der Bestimmungder Position der Fltissigkeits-Dampf-Grenzfhiche 
ist die Anderung des Volumens gewiihnlich wichtiger als die Verdampfungswlrme, wenn die Temperaturen 
nicht unabhangig von den Driicken bestimmt werden kiinnen. Der Druckanstieg erreicht ein Maximum an 
der “Anstromkante” der Wlrmefront und setzt sich weit in das isotherme Gebiet des Korpers fort. Der 

Massenstrom ist gegen die hydraulischen Eigenschaften des Halbraumes unempfindlich. 

HAl-PEB IIOJIHOCTbIO HACbIIIIEHHOl-0 &APCOBO IIOJIYIIPOCTPAHCTBA: 
C03AAHME ,QABJIEHBII, BLITECHEHHE XHAKOCTR M M3MEHEHHE @A3 

hHoTa~R_~O~yWibI aHaAHTH~eCKHe peIueHan AAa npouecCOB COSAaHPa AaBAeHHB, pacmHpeHHn H 
Te’IeHWa OAHO- A AByXf$a3HbIX XWAKOCTeii npH HarpeBaHHH nOJIHOCTbI0 HaCbImeHHbIX H rHApaBAHHeCKI4 
OTKpbITbIX AapCOBbIX nOAynpOCTpaHCTB npH CTyneHHaTOM yBeJIWIeHHH TeMnepaTypbI Ha rpaHHHe. B 
CAAHKaTHbIX MaTepHaJIaX aABeKTHBHbIH nepeHOC 06bIYHO He3HaYHTeAeH B XCHAKOfi +a3e, HO CymeCTBeHeH 
B napoeo8. &ta onpenenenaa nonomeHHs rpaHHubI pasnena ;lolAKocTb-nap 6onee BaxHo ti3MeHeHHe 
o6aeMa, HeM TenAOTbI napOO6pa30BaHHs, CBHAeTeAbCTBya 0 TOM, ‘IT0 TeMnepaTypa H AaBAeHHe AOAEHbI 
H3MepBTbCK OAHOBpeMeHHO. RospacTammee AaBAeHHe AOCTHraeT MaKCBMaAbHOrO 3HaHeHWR y IIepeAHeii 
KPOMKH TennoBoro @potira II pacnpocrpatinercn qepes cTeHKy B H30TepMHHecKyIo 06AaCTb Tena. 
lHApaBnesecKae XapaKTepHCTHKA nonynpocrpancraa He OKa3bIBaIOT BJIHaHWR Ha BenwraHy nOTOKa 

MaCCbI. 


